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ABSTRACT
Recently, the design and engineering of ultrafast laser systems have led to an
extraordinary increase in laser power and performance which have brought about advances in
many fields such as medicine, material processing, communications, remote sensing,
spectroscopy, nonlinear optics, and atomic physics. In this work, several ultrafast amplification
techniques -- including chirped-pulse amplification (CPA), optical parametric chirped-pulse
amplification (OPCPA), and divided-pulse amplification (DPA) -- are described and
demonstrated in the design and construction of two ultrafast laser facilities. An existing
Ti:Sapphire laser system was completely redesigned with an increased power of 10 TW for
experiments capable of generating hundreds of laser filaments in ordered arrays. The
performance of DPA above the Joule-level was investigated in a series of experiments utilizing
various DPA schemes with gain-saturated amplifiers at high pulse energy. A new high energy
OPCPA facility has been designed and its pump laser system constructed, utilizing the technique
of DPA for the first time in a flashlamp-pumped amplifier chain and with a record combined
energy of 5 Joules in a 230 ps pulse duration. The demonstrated OPCPA pump performance will
allow for the generation of 50 TW quasi-single cycle 5 fs pulses at 2.5 Hz from a table-top
OPCPA system.
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1
1.1

INTRODUCTION

Brief History of Ultrafast Lasers

The race to generate the shortest laser pulses began shortly after the invention of the laser
in 1960, when Q-switching allowed the generation of short pulses in the nanosecond regime (1
ns = 10-9 seconds) [1]. The development of ultrafast lasers really began in 1965 with the
demonstration of mode-locking for generating pulses with picosecond (1 ps = 10-12 s) [2] and
femtosecond (1 fs = 10-15 s) durations [3]. Passive mode-locking by the optical Kerr effect, first
demonstrated by Sala and Richardson in 1977 [4], has become the primary method for producing
some of the shortest pulses. The general principles of mode-locking are well-summarized by
Weiner [5]. For many years, mode-locked dye-based lasers produced the shortest pulses until the
development of Titanium-doped sapphire (Ti:Al2O3) lasers (Figure 1.1). The discovery of
Chirped-Pulse Amplification (CPA) in 1985 exploited the large bandwidth of mode-locked laser
pulses by using dispersion to temporally stretch a femtosecond pulse duration by many orders of
magnitude. This CPA technique quickly increased the peak power of ultrafast lasers by orders of
magnitude as the pulses are amplified at relatively low intensity/peak power to allow efficient
extraction of energy from amplifiers while remaining below damage threshold limitations
(Figure 1.2). For more than a decade, Ti:sapphire has been the solid-state gain medium of choice
for ultrashort laser systems in the near infrared due to its large gain bandwidth, large emission
cross section, high thermal conductivity, and high damage threshold. Common Ti:sapphire
mode-locked oscillators operate at ~100 MHz repetition rate, with transform-limited pulse
1

durations between 15 fs and 35 fs; however commercial oscillators are available producing
pulses shorter than 5 fs [6]. The development of ultrafast fiber lasers was initially driven by a
demand for shorter pulses in the optical communication boom in the 1990’s [7]. Erbium (Er) and
Ytterbium (Yb) are by far the most common, although Thulium (Tm) and Holmium (Ho) fibers
in the last decade have expanded rapidly, pushing fiber laser development toward the midinfrared [8]. In the early years, ultrafast fiber lasers were limited to the Watt level average power
[7], while the development of large mode area (LMA) fiber and photonic crystal fibers (PCF)
have propelled ultrafast lasers nearly to the kW level with mJ-level pulse energy [9]–[11]. Even
shorter pulse durations can be amplified through optical parametric chirped-pulse amplification
(OPCPA), beyond the gain bandwidth limitations of laser media. A record peak power of 2
petawatts (PW) has been achieved with a Ti:Sapphire CPA system [12]. OPCPA has been scaled
to 1.16 PW [13] and performance >10 PW (1024 W/cm2 focused intensity) is expected in the near
future (Figure 1.2) [14]–[18]. Additionally, CPA and OPCPA lasers can be used to drive highorder harmonic generation (HHG), where pulses of attosecond (1 as = 10-18 s) duration have been
generated [19] and zeptosecond (1 zs = 10-21 s) pulses are on the horizon [20] (Figure 1.1).
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Figure 1.1: Evolution of pulse duration with type of laser over time compared to atomic and
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Figure 1.2: Timeline of ultrafast laser development in terms of focused laser intensity.
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Ultrafast or femtosecond lasers have an impact on many fields of research including
medicine, material processing, communications, remote sensing, spectroscopy, nonlinear optics,
and atomic physics [21]. Many of these applications require very high intensities (in excess of
1016 W/cm2); therefore, amplification systems are required to push pulse energies to the
microjoule (µJ) level and beyond.
Direct amplification to high peak power and irradiance is ultimately limited by the
damage threshold of the laser medium. For pulse durations in the ns regime down to ~10 ps, the
damage threshold fluence (energy per unit area) of most materials and coatings scales with the
square-root of the pulse duration [22], [23]. For example, the difference in damage threshold
between a 10 ns and a 10 ps pulse is a factor of √1000 or ~32. As such, increasing the beam
diameter to avoid damage in a laser gain medium is limited because the energy extraction
efficiency decreases with decreasing fluence relative to gain saturation. To avoid damage to gain
media and simultaneously achieve high extraction efficiencies, techniques have been developed
to stretch the pulse duration by several orders of magnitude before the amplification stages and
afterward return to the original pulse duration with ultra-high energy [24]. High-energy
femtosecond pulses with sub-cycle pulse duration and carrier-envelope phase (CEP) stabilization
can be obtained with recent advances in laser source development [25]–[27]. High-field physics
research is progressing like never before due to increasing laser intensity and reduced laser
facility size. More accessible table-top systems can reach relativistic laser intensities for
applications such as particle acceleration, high-order harmonic generation, and quantum
electrodynamics [28], [29].
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For decades the Laser and Plasma Laboratory (LPL) at the University of Central Florida
has been developing ultrafast lasers systems based on these ultrashort pulse amplification
techniques [30], [31], with a dedicated team of students and research scientists who design and
engineer multiple custom laser facilities to support cutting-edge research in fields such as
extreme ultraviolet generation, laser filamentation, laser material processing, laser spectroscopy,
and laser development (ultrafast and high power in both fiber and solid-state lasers). As a
member of the laser development team at LPL, my dissertation work has been focused on the
research and development of advanced lasers sources for our laboratory. The next chapter will
review several ultrafast amplification techniques, while subsequent chapters demonstrate the
integration of these techniques in the design and construction of two state-of-the-art laser
facilities.
1.2

Motivation

The construction of the two laser facilities described in detail later in this thesis were
motivated by applications in laser filamentation and high-order harmonic generation (HHG).
1.2.1 Laser Filamentation
With the continual development and increased availability of high energy ultrafast laser
sources, one emerging area of study is laser filamentation and its applications. If the peak power
of a laser pulse is well above the critical power for self-focusing in a transparent media [32], then
the Kerr effect will cause the beam to focus as it propagates until it eventually collapses (Figure
1.3). Upon collapse, plasma defocusing balances with the intensity-dependent self-focusing to
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form a high intensity non-diffracting filament with intensity clamped at ~1013 W/cm2 surrounded
by a low intensity energy reservoir which can sustain the filament from several centimeters to
hundreds of meters under the right dispersion and focusing conditions [33], [34]. A weaklyionized plasma channel is left in the wake of the laser filament. Since the first demonstration of
filamentation in air in 1995 [35], many have studied the conditions for filament formation, the
associated phenomena, and applications involving propagation over distance [36]–[42]. Some
terawatt level mobile laser systems have been built to further study atmospheric filamentation
[43], [44]. Terawatt (TW) level femtosecond lasers can provide enough energy that the beam
breaks up into many high intensity filaments in air [45]. However, the pattern formed by the
filaments is rather uncontrolled unless the beam is engineered properly using diffractive optical
elements (DOEs) [46], [47]. Arrays of filaments are interesting for a range of applications
including microwave guiding, and laser machining [48], [49]. However, the generation of multifilament arrays requires a higher beam quality than is needed for experiments with a single
filament or un-patterned filament arrays. Significant wavefront aberrations in the output of the
laser system may counteract the carefully engineered phase front encoded by DOEs, altering the
pattern formed by filaments in the far-field [50].
I led a team of several graduate students in the design and construction of a 10 TW laser
facility to support the generation and study of multiple filament arrays. The Multi-Terawatt
Femtosecond Laser (MTFL) is a Ti:Sapphire chirped-pulse amplification (CPA) situated
adjacent to a 50 m indoor propagation range. The development and performance of this facility
will be described in Chapter 3.
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Figure 1.3: Laser filament formation and propagation dynamics [51].
1.2.2

High-order Harmonic Generation

First demonstrations of harmonic generation were from laser plasmas [52]. Much later in
1992, the conditions for the generation of high-order harmonics in atoms were first discovered
[53] and then observed [54]. A three-step model was developed describing the ionization of an
electron in a noble gas from a femtosecond laser, its acceleration in the ionizing laser field and
its subsequent recombination, triggering the release of the electron’s acquired kinetic energy in
the form of an extreme-UV (EUV) photon [55], [56]. Under the right conditions each half cycle
of the driving laser field may produce an EUV pulse, given the field strength is above the
ionization threshold. Since the first measurement of an attosecond pulse train in 2001 [57], [58],
the field of attoscience has rapidly expanded allowing real-time observation of electron dynamics
[58], [59]. In pursuit of isolated attosecond pulses from multi-cycle femtosecond laser pulses,
multiple gating techniques have been developed such as polarization gating [60], two-color
gating [61], generalized double optical gating [62], and asymmetric gating [63]. The concurrent
development of single cycle pulses via OPCPA has aided in the generation of isolated attosecond
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pulses [25], [27], [64] without complicated gating techniques which utilize pulse energy
inefficiently (ie. the electric field strength is higher for a single-cycle pulse with the same energy
as a multi-cycle pulse).

Figure 1.4: Generation of an attosecond pulse from gas phase high harmonics. An intense
driving laser field of a femtosecond pulse (yellow) tilts the potential of an of an ion so that an
electron can tunnel free (a). After ionization the electron is pulled farther away from the ion until
the laser field nears a peak (b). As the driving field reverses polarity, the electron begins to
accelerate back toward its parent ion gaining kinetic energy (c). Upon recombination with the
parent ion the extra kinetic energy is released in an attosecond optical burst [56].
Due to gas target high harmonic conversion efficiencies of ~10-6 and current limits in
driving field strength, most attosecond pump-probe experiments utilize the femtosecond driving
laser as the pump. Several groups are currently researching ways to develop microjoule energy
attosecond pulses to enable attosecond pump-probe experiments. Solid target generation of HHG
via a relativistic oscillating mirror (ROM) [65], coherent wake emission (CWE) [66], or upshift
from self-induced oscillatory flying mirrors [67] may allow up to 100 times greater conversion
efficiency and shorter pulse durations into the zeptosecond regime [20]. In order to reach the
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intensities required for these types of plasma interactions from a solid target, quasi-single cycles
near the 50 TW level are required.
The Phase-Stabilized Terawatt High-Energy Ultra-Short (PhaSTHEUS) OPCPA facility
will be capable of the generation of solid target harmonics with a driving laser pulse energy of
250 mJ and < 5 fs duration. The highlight of this thesis is the design and construction of the
pump laser for this facility, utilizing divided-pulse amplification (DPA) to produce 5 J, 230 ps
pulses at 1064 nm. The design, simulation, and development details will be discussed later in
Chapter 4.

Figure 1.5: HHG from solid target via Doppler shift from a relativistic oscillating plasma mirror
[68].
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Figure 1.6: Generation of HHG from a solid target via frequency upshift from self-induced
relativistic flying mirrors [67].
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2

HIGH ENERGY ULTRAFAST AMPLIFICATION TECHNIQUES
This chapter provides background on the ultrashort pulse amplification techniques

utilized in the laser facilities described in Chapters 3 and 4 including: Chirped-Pulse
Amplification (CPA), Optical Parametric Chirped-Pulse Amplification (OPCPA), and Divided
Pulse Amplification (DPA). As the likeness in their names would suggest, the first two
techniques are very similar in that they both use dispersion to “chirp” or stretch pulse durations
by more than 1000 times their original transform-limited pulse duration in order to achieve
efficient energy extraction from amplifiers while avoiding nonlinear effects and optical damage.
Afterward, opposite dispersion is applied to compress the pulse back to femtosecond pulse
durations to produce ultrahigh peak powers [21] (Figure 2.1).
DPA is not dependent on the bandwidth of the pulse because the pulse is divided into
multiple replicas and spread out in time. Typically, the artificial pulse stretching ratio
accomplished by DPA is much less than CPA but it has already proven effective at reducing
amplifier intensities in different applications to scale pulse energy beyond the direct pulse
amplification limit for femtosecond and picosecond pulse durations.
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Figure 2.1: a) CPA/OPCPA cartoon. b) DPA cartoon. Note that pulse splitting ratios are not to
scale for CPA versus DPA.
2.1

Laser Induced Optical Damage

Since the techniques of CPA, OPCPA, and DPA are designed to circumvent direct
amplification damage thresholds for femto- and picosecond pulse durations, a knowledge of laser
induced damage mechanisms and how the optical damage threshold of materials scales with
pulse duration is essential for system design. Laser induced optical damage in transparent media
for pulse durations < 10 ps (short-pulse regime) occurs from ablation, due to avalanche, multiphoton and tunneling ionization. For pulse durations > 50 ps (long pulse regime) optical damage
is dominated by thermal effects such as melting, boiling, or fracture from thermal expansion
[23]. The state-of-the-art in understanding laser induced damage threshold mechanisms is
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summarized well by Manenkov [69]. Optical damage thresholds are typically specified in terms
of pulse fluence (J/cm2) and for a given pulse duration and wavelength. The damage thresholds
of commercial optics are given for pulse of ~10 ns duration at a wavelength of 1 µm (or
harmonics of 1µm) as this is the case for many commercial pulsed lasers. For high average
power continuous-wave (CW) lasers, the damage threshold is expressed in terms of W/cm2.
Testing of the laser induced damage threshold (LIDT) is typically done by focusing a moderate
energy laser to small spot size ~1 mm on a material or optical coating and increasing the energy
until damage occurs. To account for local material or optical coating defects the damage
threshold is measured over a large number of sites by raster scanning. Although there is a general
standard for damage threshold testing [70], it is important to note that laser source
characteristics, testing procedure, and specification of the damage threshold varies among optics
manufacturers.
The discovery of a trend in the damage threshold fluence which scales with the squareroot of the pulse duration for pulses between 10 ps and >10 ns [23] is useful for determining safe
operation fluences for CPA, OPCPA, and DPA systems, which utilize an artificially stretched
pulse duration in the picosecond regime. The LIDT also follows a square-root scaling trend with
wavelength (i.e. higher energy photons decrease the damage threshold). It is interesting to note
that focused beam diameters >10 µm [71] and the doping of a laser gain medium [23] have no
effect on the LIDT, so long as the wavelength is far from dopant ion absorption bands.
When determining a safe operation fluence based on the specified damage thresholds of
optics, one must also take into account the shape of the beam profile in order to ensure that the
13

peak fluence is sufficiently below the damage threshold (i.e. the peak fluence of a Gaussian
beam is 2 times its energy over area measured at 1/e2 width). Furthermore, the peak fluence
changes significantly during the propagation of a non-Gaussian.

Figure 2.2: Pulse width dependence of damage threshold fluence for fused silica [23].
2.2

Chirped Pulse Amplification

Since CPA involves using dispersion to stretch the pulse duration before amplification by
stimulated emission of radiation, the following sections will provide some theory on these
subjects in order to compare CPA and OPCPA later at the end of this chapter.
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2.2.1

The Role of Chromatic Dispersion in CPA

A laser pulse is composed of multiple frequencies with a defined phase relationship
which interfere constructively to create a pulse in time. If all of these frequencies are phaselocked in time then the pulse duration is said to be “transform-limited”, referring to the Fourier
Transform relationship between the time and frequency domains. The time-bandwidth product
(Δ𝑡 Δ𝜈 ≅ 1) describes the pulse duration in time Δ𝑡 given a frequency bandwidth Δ𝜈, however
the pulse duration can be much longer for the same bandwidth if the pulse is chirped. The term
“chirped” originates from the comparison of a bird’s chirp sound to an optical pulse, where the
pitch (or frequency content) of the sound changes with time. This chirp happens naturally to
broadband optical pulses during propagation through air or any other dispersive material since
the index of refraction is frequency dependent. In CPA, large controlled amounts of positive and
negative dispersion are used to stretch and compress pulse durations before and after
amplification.
The selection of the gain medium is the most critical choice in the design of a CPA
system as this determines many aspects of the laser performance such as the output wavelength,
pulse energy, average power. The gain bandwidth of the selected amplifier determines the
shortest achievable amplified pulse duration, related to the Fourier transform limit. Extraction of
stored energy from a gain medium is severely limited for femtosecond pulses, as it is necessary
to operate at fluences well below the gain saturation fluence due to the scaling of the damage
threshold fluence with pulse duration (Section 2.1). Optimal extraction efficiency is obtained at
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fluences two or three times the saturation fluence, where the increased photon flux provides a
higher probability to stimulated emission from all ions in the upper laser level. The bandwidth
and saturation fluence of the gain medium defines how much dispersion is required to stretch a
pulse so that the damage threshold fluence is above the saturation fluence.
Once the amount of dispersion is calculated for the desired level of saturation, a method
for stretching and compressing the pulse before and after the amplifiers must be selected.
Stretching and compressing a pulse with only material dispersion is unrealistic as it is not
possible to find materials with highly matched opposite dispersion at appropriate wavelength and
over sufficient bandwidth to support ultrashort pulses. To this end, several methods and
components have been developed for CPA to generate large amounts of positive or negative
dispersion. Additionally, the properties of some dispersive components can be designed for
added flexibility in balancing the stretcher, amplifier, and compressor dispersion at the output for
optimum pulse compression. The next few sections will cover the most common dispersive
elements used in CPA systems today as well as techniques for calculating and balancing total
system dispersion.
2.2.1.1

Material Dispersion
Chromatic dispersion in optical materials arises from a variation of the index of refraction

of the media with wavelength (or frequency). The index of refraction dependence on frequency
generally follows a model developed by Lorentz et al. where electrons, atoms, and molecules can
be considered as classical dipole oscillators which resonate in the presence of electromagnetic
16

radiation [72]. The dispersion of a material is most commonly and accurately approximated with
measured values of the index of refraction at different wavelengths over a large range of
wavelengths which are fit to a standard formulation such as the Sellmeier Equation [73]
(Equation 2.1). The coefficients of the Sellmeier equation for each material are determined by a
least-square fit to the measured data, where the units of the wavelength 𝜆 are in micrometers
(µm).
𝐴 𝜆2

𝐴2 𝜆2

𝑛(𝜆) = √1 + 𝜆21−𝐵 +

𝜆2 −𝐵2

1

𝐴 𝜆2

+ 𝜆23−𝐵

( 2.1 )

3

The spectral phase 𝜙 of an optical pulse is a function of the index of refraction 𝑛(𝜆), and
therefore varies with frequency 𝜔, where 𝛽(𝜔) is the propagation constant, see Equation 2.2.
2𝜋

𝜙(𝜔) = 𝛽(𝜔)𝐿 =

𝜆

𝑛(𝜔)𝐿 =

𝜔
𝑐

𝑛(𝜔)𝐿

( 2.2 )

To approximate the function of the spectral phase for dispersion calculations, a Taylor series
expansion about the center frequency is performed on the spectral phase, as displayed in
Equation 2.3.
𝑑𝛽

𝛽(𝜔) = 𝛽(𝜔𝑜 ) + 𝑑𝜔|

𝜔𝑜

(𝜔 − 𝜔𝑜 ) + ∑∞
𝑚=2

1 𝑑𝑚 𝛽

|

𝑚! 𝑑𝜔 𝑚 𝜔𝑜

(𝜔 − 𝜔𝑜 )𝑚

( 2.3 )

The first term is the constant phase shift per unit length of the carrier wave under the envelope of
a pulse and is related to the phase velocity 𝜈𝑝 , or speed of light of the center frequency 𝜔𝑜 .

𝜈𝑝 =

𝜔𝑜
𝛽(𝜔𝑜 )

=

𝑐

( 2.4 )

𝑛(𝜔𝑜 )

The second term is the phase shift of the pulse envelope per unit length and is related to the
group velocity 𝜈𝑔 (ie. speed of the pulse envelope), and the group delay 𝑡𝑔 .
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𝜈𝑔 =
𝑡𝑔 =

1

( 2.5 )
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𝐿
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( 2.6 )

𝑑𝜔

The third term is related to the “chirp” or broadening of a pulse. It is termed 2nd order dispersion
and can be described in terms of group velocity dispersion (GVD) or group delay dispersion
(GDD). When dealing with pulse propagation through a variety of dispersive elements rather
than bulk material it is often simpler to sum the GDD for each element in the system.

𝐺𝑉𝐷 =

𝑑2𝛽

|

( 2.7 )

𝑑𝜔2 𝜔𝑜

𝐺𝐷𝐷 = 𝐺𝑉𝐷 ∙ 𝐿 = −

𝑑2𝜙

|

( 2.8 )

𝑑𝜔2 𝜔𝑜

For a smooth spectral phase function only the terms up to the fourth or fifth (i.e. third and fourthorder dispersion) are typically considered for femtosecond pulses.
2.2.1.2 Dispersive Devices Employed in CPA
In addition to material dispersion, there are a variety of optical elements or devices that
exhibit dispersion in unique ways. One class of devices uses angular dispersion from prisms
and/or diffraction gratings to vary spectral optical paths in free space, so that large amounts of
dispersion can be created easily by extending free-space delays. A second class of devices aims
to more precisely control dispersion by engineering the optical path difference (OPD) between
wavelengths inside a monolithic optical element; however, the total GDD of the device is limited
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to relatively small quantities. The following paragraphs will present some of the most common
dispersive devices employed in CPA design.
Angular dispersion from a pair of diffraction gratings is the most effective way to
introduce a large amount of negative dispersion. Treacy was the first to suggest that negative or
anomalous dispersion generated from an arrangement of diffraction gratings (Figure 2.3) could
be used for pulse compression (Equation 2.9). This arrangement has been subsequently referred
to as a Treacy compressor [74] for positively-chirped pulses. Ray tracing relative to wavelength
provides an expression for the GDD, where 𝐺 is the perpendicular grating separation, 𝑑 is the
groove density, 𝜆 is the center wavelength, 𝜃𝑑 is the diffracted angle of the center wavelength,
and 𝑐 is the speed of light.
𝜆3 𝐺

1

𝐺𝐷𝐷 = 𝜋𝑐 2 𝑑2 cos3 𝜃

( 2.9 )

𝑑

The diffracted angle 𝜃𝑑 can be calculated using the equation below, where 𝜃𝑖 is the incident angle,
and 𝑚 is the diffractive order (usually equal to one for grating dispersion devices).
sin(𝜃𝑑 ) + sin(𝜃𝑖 ) =

𝑚𝜆

( 2.10 )

𝑑
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Figure 2.3: Treacy pulse compressor cartoon. The red and blue rays represent the bandwidth
edges, while yellow is the center wavelength.
Similarly, angular dispersion from prism pairs can be engineered to introduce negative
GDD and negative TOD [75]. The shape of this dispersion is different compared to the negative
GDD and positive TOD dispersion created by a pair of diffraction gratings. These differences
between the dispersion characteristics of devices will be discussed later in section 2.2.1.3. The
GDD for a pair of Brewster prisms is given by Equation 2.11, where 𝑑 2 𝑃/𝑑𝜆2 represents the
refractive/dispersive power of the prism pair. The refractive/dispersive power of a Brewster prism
pair is dependent on the distance from one prism tip to the other 𝑙𝑝 , the angle between this line and
the center wavelength refraction path 𝛼, and the material dispersion (Equation 2.12). The index of
refraction 𝑛 and its derivatives can be obtained from the Sellmeier equation (Equation 2.1).

𝐺𝐷𝐷 =
𝑑2 𝑃
𝑑𝜆2

𝜆3

𝑑2𝑃

( 2.11 )

2𝜋2 𝑐 2 𝑑𝜆2
𝑑2 𝑛

𝑑𝑛 2

𝑑𝑛 2

= 4 [𝑑𝜆2 + (2𝑛 − 𝑛−3 ) (𝑑𝜆 ) ] 𝑙𝑝 sin(𝛼) − 8 (𝑑𝜆 ) 𝑙𝑝 cos(𝛼)
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( 2.12 )

β

ιp

α

Figure 2.4: Prism compressor arrangement formed by two Brewster prisms and a retroreflector.
The red and blue lines represent the edges of the bandwidth, while the yellow is the center.
In order to utilize a Treacy compressor, it is necessary to have a stretcher device with
positive (opposite) dispersion. Martinez demonstrated that similar shape positive dispersion can
be produced from an arrangement of grating pairs if an imaging system is placed between the
grating pair, so that the effective distance between the first grating and the image of the second
grating is negative [76]. The dispersion of such a system can be approximated (neglecting
telescope aberrations) by substituting the negative grating separation into Equation 2.9, where the
perpendicular grating separation is given by 2(𝑓 − 𝑥)cos(𝜃𝑑 ) (Figure 2.5).
𝐺𝐷𝐷 = −

𝜆3 (2𝑓−2𝑥)

1

𝜋𝑐 2 𝑑2

cos2 𝜃𝑑

𝑓𝑜𝑟 𝑥 < 𝑓

( 2.13 )

A variety of Martinez-style stretchers have been developed using imaging systems composed of
lenses or curved mirrors [77], [78], [79]. Chromatic aberrations can be avoided with the use of all
reflective stretcher optics. By folding a stretcher with plane mirrors or roof mirrors, alignment is
simplified, optical table space is minimized, and cost is reduced through the use of a single grating
[80]. A folded Öffner stretcher uses a compact Öffner triplet telescope composed of a concave
1

mirror and a convex mirror with half the radius of curvature (𝑅2 = 2 𝑅1 ) [81]. The mirrors are
arranged so that they share the same center of curvature, and the effective perpendicular distance
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between the grating and its image is 2(𝑅1 − 2𝑠1 )cos(𝜃𝑑 ), where 𝑠1 is the distance from the grating
to the concave mirror. The symmetry of the system cancels all aberrations except for minimal
spherical aberration and astigmatism [82]. In order to compensate for the residual spherical
aberration or spatial distortion, a stretcher may be quadruple passed (i.e. 8 reflections on a grating)
with an image inverter in between each set of four passes on the grating [83].
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Lens 1
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Lens 2
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f-x

x
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Figure 2.5: a) Martinez stretcher with a two-lens imaging system; b) folded-path Martinez
stretcher (note: x <f ).
Chirped mirrors are multi-layered structures that can exhibit a much broader reflectivity
bandwidth than is possible with quarter-wave Bragg mirror stacks, and they can be engineered
for customized group delay dispersion [84]. The multi-layer structure is designed so that the
Bragg wavelength varies with depth into the thin film structure [85], allowing control over the
optical path (phase) of each component of the spectrum. However, a simplistic chirped design
such as in Figure 2.6 would induce oscillations in the group delay for longer wavelengths deep in
the structure due to an interference effect similar to a Gires-Tournois interferometer [86]. The
double chirped mirror design improves the coupling of counter-propagating waves with a
variation of the duty cycle to avoid the Gires-Tournois-like oscillations. Furthermore, an
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integrated anti-reflection structure at the air interface decreases Fresnel effects. Designing
chirped mirrors in pairs can allow a much broader reflectivity bandwidth where strong
oscillations in the GDD of a single mirror are compensated with inverse oscillations in a paired
mirror so that the total GDD oscillation is much smaller [87]. Dispersion as large as 2x104 fs2 has
been produced with a total transmission of ~98 % for 20 bounces [88].

SiO2Substrate
Figure 2.6: Representation of a chirped mirror’s multi-layer structure. Areas of like color have
the same index of refraction and the periodicity decreases with depth in the mirror.
Another type of dispersive element is an acousto-optic programmable dispersive filter
(AOPDF). This works similar to an acousto-optic modulator (AOM) where a piezo-electric
transducer generates a sound wave in a crystal inducing a transient periodic variation of the
index of refraction. However, an AOPDF also transfers the phase of a transduced sound wave to
the spectral phase 𝜙(𝜔) of a diffracted optical pulse by generating a complex index variation
pattern in a crystal [89]. A radio frequency (RF) signal applied to a piezoelectric transducer
generates an acoustic pulse in a tellurium dioxide (TeO2) crystal. The index of refraction inside
the crystal is modified by the amplitude and instantaneous frequency of the acoustic pulse
(Figure 2.7). Because the velocity of the optical pulse is much greater than the acoustic pulse, the
optical pulse sees a static dielectric transmission grating, which is easily modified by changing of
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the RF input signal. The linearly polarized input optical pulse is diffracted from the modulated
index along the fast axis of the crystal, although the entire pulse is not diffracted all at once. The
chirped frequency of the acoustic-induced grating causes the frequency components of the
optical pulse to be diffracted at different crystal lengths corresponding to the Bragg condition for
each wavelength. Since the diffracted pulse is polarized along the extraordinary axis, the phase
velocity of each frequency component slows through the remainder of the crystal length. The
maximum group delay that can be induced between two different parts of the input pulse
spectrum is related to the index of refraction difference between the fast and slow axes of the
crystal and the length of the crystal. For example, a Dazzler, manufactured by Fastlite is
specified with a maximum programmable group delay of 6 ps for a 45 mm-long TeO2 crystal
with a diffraction efficiency of 50% for a bandwidth of 100 nm centered at 800 nm. In summary,
an AOPDF controls the spectral phase of the optical pulse by variation of the chirp on the
acoustic pulse, and it can simultaneously shape the spectrum by control of the diffraction
efficiency, which is dependent on the amplitude of the acoustic pulse.
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Figure 2.7: Input stretched pulse with linear polarization along the ordinary axis of a tellurium
dioxide (TeO2) crystal. Ordinary wave optical input is diffracted from an acoustic pulse inside a
TeO2 crystal. Spectral components are diffracted at different points in the crystal with
polarization along the extraordinary axis, where the optical path for each of the frequency
components is the sum of optical path traveled along the fast and the slow axes.
Similar to an AOPDF, a liquid-crystal mask (LCM) spatial light modulator (SLM) can
shape a femtosecond pulse through control of the amplitude and phase of its spectral
components. Spectral shaping is accomplished by the placing a liquid crystal array (or another
type of mask) in the Fourier plane of a zero-dispersion 4-f grating or prism stretcher, meaning
that the effective grating separation is zero. The 4-f telescope collimates the angular spread of the
spectrum from the grating while each individual frequency component is focused to a point on a
spectrally graded line at a distance one focal length from the lens. In this way the amplitude
and/or phase of the spatially-separated spectral components can be individually modified via a
liquid crystal (LC) array or some other type of mask. Control of the spectral phase [90],
25

amplitude and phase [91], polarization [92], or the transverse profile [93] can be attained by
placement of the appropriate mask or device in the Fourier plane. Other devices such as the
continuous electrode LCM aim to avoid pixilation seen from traditional LCMs [94].

Figure 2.8: Spatial light modulator (SLM) composed of a zero-dispersion grating stretcher
utilizing a 4-f telescope and mask in the Fourier plane [95].
2.2.1.3 Dispersion Compensation in CPA
In order to obtain the highest possible peak power, the pulse after CPA must be
compressed to near the transform-limited pulse duration. Without a detailed dispersion analysis,
the dispersion can be compensated up to 2nd order by using the GDD equations in section 2.2.1.2
with Equation 2.14 below. The broadening of a Gaussian pulse from its transform-limited
duration 𝜏𝑖𝑛 can be reasonably approximated by neglecting the effects of higher-order dispersion
(for smaller bandwidths) and only considering the GDD [96].
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𝜏𝑜𝑢𝑡 = 𝜏𝑖𝑛 √1 + (4 ln 2

𝐺𝐷𝐷
2
𝜏𝑖𝑛

2

)

( 2.14 )

While this is a useful equation for estimating the stretched pulse duration, it is insufficient to
calculate residual dispersion in a femtosecond CPA system. The dispersion management must be
carefully designed to minimize residual chirp in the final pulse. The challenge in the design of
the stretcher and compressor is not to match perfectly the dispersion, but to mismatch the
dispersion just enough to compensate for the sum material dispersion of the amplifiers and other
miscellaneous optics (Table 2.1). All dispersive materials in between the stretcher and
compressor must be tabulated (Table 2.2); propagation through air and dielectric mirror coatings
must also be considered in ultra-broadband systems [87]. Additionally, the pulses must
ultimately be delivered to a target such that the pulse must be pre-chirped in order to compensate
for propagation through additional dispersive elements after the compressor.
Table 2.1: Calculated dispersion of all components in the 10 TW CPA system described in
Chapter 3.
Total System Dispersion
Stretcher
Dazzler
Material
Compressor
Residual

GDD [fs2]
TOD [fs3]
FOD [fs4]
4,270,865
-13,296,404
63,500,456
-9,808
-9,413
-179,296
121,693
-4,382,750
0

109,687
13,196,130
0
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-31,978
-63,289,182
0

Table 2.2: Calculated dispersion of all transmissive material in the 10 TW CPA laser described
in Chapter 3.
Material
Total Length [cm]
GDD [fs2]
Material
Total Length [cm]
GDD [fs2]
2

Total GDD [fs ]=

Material Dispersion Budget
DKDP
Ti:Sapphire
BK7
114
84
33,084
TeO2
4.5
22,365

47,565

23.4

2.1

10,424
Calcite
0.5

3,853

357

TGG

Fused silica
10.7
3,878
Quartz
0.4
167

121,693

For the typical CPA system featuring a diffraction grating stretcher and compressor,
material dispersion can be compensated by proper design of the stretcher and compressor grating
groove density, incident angle, and separation. This is accomplished by adjusting the separation
between the gratings to minimize the 2nd order dispersion (GDD), then adjusting the incident
angle of the grating to cancel out excess 3rd order dispersion, and finally mismatching the groove
density of the gratings in the stretcher and compressor for compensation of residual 4th order
dispersion [97]. Implementation of an AOPDF or LCM-SLM can add flexibility to the
dispersion design, providing fine control of the dispersion and additional pulse shaping
capabilities [98]. The shape of the dispersion for some elements is vastly different, and improper
pairing of a stretcher and compressor may severely degrade system performance. For example, if
250 meters of fused silica fiber is used to stretch a 60 fs pulse to 400 ps duration along with a
Treacy-style grating compressor optimized for best pulse compression, the large amount of
residual 3rd order dispersion will significantly reduce the peak power and the temporal contrast of
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the compressed pulse (Figure 2.9). It turns out that the ratios of TOD to GDD and FOD to GDD
are significantly different for a grating compressor and bulk glass, which prevents pulse
compression near the transform limit. Kane et al. discovered that dispersion from bulk material
can be more closely matched to a compressor that is composed of both diffraction gratings and
prisms, known as a Grism-pair compressor [99].

Figure 2.9: Dispersion simulation for a 60 fs transform-limited pulse which is stretched to 400
ps with 250 m of fused silica fiber and afterward compressed by an optimized Treacy
compressor. The spectral phase and pulse duration after the fiber stretcher is shown respectively
in the plots “regen group delay” and “pulse out regen.” The spectral phase and pulse shape of
the compressed pulse are shown respectively in plots labeled “residual group delay” and “pulse
out compressed.”
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In CPA systems with transform-limited pulse durations of ~25 fs or less, curved mirrors
may be substituted for lenses in order to not only avoid additional dispersion but also to avoid
radial changes in the group delay across the spatial profile. This radial group delay (RGD) stems
from the difference between the center thickness of a lens and the thickness of a lens where the
outer rays of the beam profile pass. If uncompensated the center of a profile may be transformlimited in duration but the edge of the profile will still be chirped. Compensation of RGD can be
accomplished by using an Öffner imaging system with embedded negative lenses [100].
Understanding the dispersion characteristics of materials and each of the tools in section
2.2.1.2 is essential for the implementation of a practical CPA design in a TW laser system.
Besides balancing the dispersion, it is also important to consider system complexity, footprint,
cost, transmission efficiencies, size of optical apertures, and component damage thresholds.
2.2.1.4 Pulse Measurement Techniques
After the implementation of a well-calculated dispersion design in the laboratory, it is
important to compare actual performance to the dispersion model. Since the temporal resolution
of most fast-photodiodes, streak cameras, and other direct pulse measurement techniques are
limited to ~ 1 picosecond, the most accurate way to measure the duration of femtosecond pulses
is with some form of autocorrelation, where the femtosecond pulse is used to measure itself. This
can be achieved using a Michelson or Mach-Zehnder interferometer in which the pulse is split
into two pulses and then recombined in a nonlinear medium, typically, a second harmonic
generation (SHG) crystal. A variable path delay stage placed in one arm of the interferometer
30

scans one of the split copies through its twin so that the resulting nonlinear signal is a correlation
of the pulse duration. Interferometric autocorrelation resolves the beat signal of the interfering
electric fields of the two pulses in the SHG crystal with a peak signal to DC background ratio of
8 to 1 (Figure 2.10a), while intensity autocorrelation utilizes a slow detector to average the
interference beating so that a 3 to 1 signal to background ratio is measured (Figure 2.11a). When
the two pulse replicas at the output of the interferometer are made non-collinear and caused to
cross at a small angle through the SHG crystal, a background-free autocorrelation signal can be
measured (Figure 2.11b). Rather than measuring the autocorrelation signal over multiple pulses
in a train while changing the autocorrelation delay, a single-shot autocorrelator maps the time
duration of the pulse to space. This is accomplished with a setup similar to the background-free
intensity autocorrelator except that the pulses are crossed at a wider angle through the SHG
crystal and a cylindrical lens is used to focus each pulse to a line. As the two pulse lines cross in
the SHG crystal the temporal profile of the correlation is mapped to the spatial distribution of the
SHG signal. The single-shot autocorrelator uses a camera rather than a photodiode as the
detector, and the width of the signal on the camera is related to the temporal pulse duration and
the crossing angle in the SHG crystal.
In a nearly transform-limited pulse, excess GDD or FOD will manifest in the form of a
pedestal to the autocorrelated pulse signal, while a large amount of uncompensated TOD will
appear as one or several lobes to the side of the main pulse decreasing in amplitude with delay.
This residual dispersion (spectral phase variation) must be measured in order to calculate what
additional system dispersion is needed for compensation. Both the amplitude and phase of a
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pulse can be retrieved by more advanced pulse characterization techniques such as frequency
resolved optical gating (FROG) [101], Spectral Phase Interferometry for Direct-Electric field
Reconstruction (SPIDER) [102], and self-referenced spectral interferometry (SRSI) [103].
Typically, a spectrometer in some form is integrated into these devices so that temporal and
spectral information are acquired by a camera yielding a two dimensional spectrogram. Various
algorithms can then be used to extract the amplitude and phase information from the spectrogram
[104]. Measurement of ultra-broad bandwidth quasi-single cycle femtosecond pulses has been
demonstrated [105]. Some pulse characterization devices (i.e. Wizzler sold by Fastlite) can
provide direct feedback to a pulse shaper (Dazzler) in order to precisely compensate dispersion
(within device limitations) to create an optimally-compressed pulse duration.

Figure 2.10: a) interferometric and b) intensity autocorrelation trace signal versus
autocorrelation delay for a 10 fs Gaussian transform-limited pulse [106].
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Figure 2.11: a) Intensity autocorrelation setup and output signal. b) background-free intensity
autocorrelation setup and signal [106].

Figure 2.12: a) Setup of a single-shot autocorrelator using cylindrical lenses (CL). b) a
depiction of the temporal to spatial mapping of the pulse width inside the SHG crystal [106].
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2.2.2

Laser Amplification Characteristics and Design

2.2.2.1 Laser Gain and Energy Extraction
After stretching the pulse duration in a traditional CPA system, the pulse is amplified via
stimulated emission of radiation from a doped gain medium. Optical gain depends on the
stimulated emission cross-section σ and the population density 𝑁, which is determined by the
doping concentration of the gain medium.

𝐺 = 𝑒 −𝑔𝐿 = 𝑒 −𝜎𝑁𝐿

( 2.15 )

The gain coefficient is 𝑔, and 𝐺 represents the single pass irradiance gain through a medium of
length 𝐿. The gain saturation irradiance 𝐼𝑠𝑎𝑡 is defined as the point at which the gain coefficient
𝑔 drops to half of its initial small signal value 𝑔𝑜 for continuous-wave (CW) lasers.

𝑔=

𝑔𝑜

( 2.16 )

𝐼
𝐼𝑠𝑎𝑡

1+

For pulsed-pump systems where the pump is absorbed in the gain medium before the signal
pulse arrives, it is convenient to work in terms of the saturation fluence 𝐹𝑠𝑎𝑡 , which depends only
on the signal wavelength 𝜈 = 𝑐/𝜆, emission cross-section 𝜎𝑒 and absorption cross-section 𝜎𝑎 .

𝐹𝑠𝑎𝑡 =

ℎ𝜈

( 2.17 )

𝜎𝑒 +𝜎𝑎

The absorption cross-section can be ignored for 4-level lasers such as Ti:Sapphire and Nd:YAG,
where reabsorption at the emission wavelength is negligible. For pulses with duration much less
than the fluorescence lifetime of the gain medium, the Frantz-Nodvick model is useful for
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simulating amplifier gain, where the single pass gain 𝐺 after the pulse is reduced according to
Equation 2.18.
𝐺 = exp (− 𝐹

𝐹𝑝𝑢𝑙𝑠𝑒

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

) = exp (− 𝐸

𝐸𝑝𝑢𝑙𝑠𝑒

𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

)

( 2.18 )

At the saturation fluence the gain is reduced to 1/e or ~37% of its initial small signal value.
Further increasing the fluence beyond saturation results in more efficient extraction of the stored
energy even though the gain drops (Figure 2.13). The gain decreases near saturation since there
is a decreased probability of stimulated emission for incident photons from the depleted excitedstate population.

Figure 2.13: Simulation of the extraction efficiency versus input amplifier fluence normalized by
the saturation fluence, following the Frantz-Nodvick amplification model [107].
Designing amplifiers for operation at fluences two or three times the saturation fluence
provides best energy extraction [108], [29]. For high-energy Ti:sapphire lasers, the laser-induced
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damage fluence for femtosecond ablation is far below the saturation fluence [71]; therefore,
efficient amplification of femtosecond pulses can only be accomplished by decreasing the peak
intensity significantly via CPA pulse stretching. Additionally, the overlap of the optical pulse with
the stored energy distribution in the gain medium is important for optimum energy extraction; this
will be discussed in more detail for various amplifier designs in section 2.2.3. Maximizing the
extracted energy decreases the excess energy (heat) stored in the amplifier. However, the majority
of heat accumulation in an amplifier is due to the quantum defect between the pump and signal
wavelengths. The repetition rate of the system is also an important factor. Thermal induced effects
in amplifiers will be outlined in section 2.2.2.4.
2.2.2.2 Gain Narrowing
Large gain bandwidths enable wavelength tuning for CW laser operation as well as the
generation of ultrashort pulses. Since gain bandwidths in most laser media are Lorentzian- or
Gaussian-like in shape, the spectral gain for frequencies in the center of the spectrum are much
higher than spectral content toward the edges of the gain bandwidth. When amplifying
broadband pulses by many orders of magnitude, the difference in total gain between the center
and edges of the bandwidth induces a narrowing effect [109]. This typically adverse laser
phenomenon, termed gain narrowing, limits the compressed pulse duration in CPA systems.
Since the time-bandwidth product (Δ𝜈Δ𝜏 = 1) of an optical pulse is constant (i.e. 0.441 for a
Gaussian shape), a decrease in the bandwidth Δ𝜈 via gain narrowing results in longer compressed
pulse duration Δτ. For a Gaussian spectral distribution, defined by the full width at half of
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maximum (FWHM), the bandwidth limited by gain narrowing Δ𝜆 depends on the atomic
linewidth Δ𝜆𝑎 and the peak single-pass gain for the center wavelength 𝐺(𝜆𝑎 ), where 𝐺𝑑𝑏 is the
gain expressed in decibels.

𝛥𝜆 = 𝛥𝜆𝑎 √

3

( 2.19 )

𝐺𝑑𝑏 −3

𝐺𝑑𝑏 = 10 ∗ log10 𝐺(𝜆𝑎 )

( 2.20 )

Before significant gain saturation, the output pulse bandwidth Δ𝜆𝑜𝑢𝑡 can be calculated from the
input pulse bandwidth Δ𝜆𝑖𝑛 and gain narrowed bandwidth Δ𝜆 [96].
𝛥𝜆𝑜𝑢𝑡 = 𝛥𝜆𝑖𝑛

𝛥𝜆

( 2.21 )

√𝛥𝜆2𝑖𝑛 +𝛥𝜆2

The effect of gain narrowing decreases for increasing gain saturation since the center of the
bandwidth saturates first while the edges continue to grow exponentially. In high saturation, the
bandwidth can actually begin to broaden again, however this broadening is minimal and occurs
at a much slower rate compared to the previous narrowing below saturation [110].

Table 2.3: An example of the effect of gain narrowing on the transform-limited (TL) pulse
duration 𝛥𝜏 𝑇𝐿 of a Ti:Sapphire CPA laser
𝑮(𝝀𝒂 )

10

102

103

104

105

106

107

𝚫𝝀 [𝐧𝐦]

117.8

75.6

60

51.3

45.5

41.3

38.1

𝚫𝝉𝑻𝑳 [𝐟𝐬]

7.8

12.1

15.3

17.9

20.2

22.2

24.1
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The effect of gain narrowing can be mitigated by shaping the input pulse spectrum. For a
Gaussian gain bandwidth, the introduction of a dip in the center of the seed spectrum minimizes
the input intensity for the higher gain spectral components so that the spectral components are
more proportionally equal at the amplifier output. Destructive interference from an etalon placed
inside a high-gain resonator can create additional loss for high-gain spectral components in the
center of the gain bandwidth, mitigating the effects of gain narrowing [111], [112]. A
birefringent plate or thin film structure can also be used for spectral shaping to counteract gain
narrowing [113], [114]. Pulse shaping devices (i.e. AOPDF or SLM) utilized for spectral phase
control in a CPA system can likewise shape the seed spectrum to minimize gain narrowing [115].
An acousto-optic programmable gain control filter (AOPGCF), which operates similar to an
AOPDF, can be placed before an amplifier (or inside a resonator) to provide a more even
amplified spectrum by diffracting higher gain portions of the spectrum from a narrow-band
acoustic wave [116], [117].
Broadening of the seed bandwidth prior to amplification is another approach to
countering gain narrowing. Supercontinuum generation with a tapered fiber or photonic crystal
fiber (PCF) at the output of a femtosecond oscillator can increase the pulse bandwidth through
the whole system for the same total gain [62]. A more complex scheme, Double-CPA, exploits
the fact that the majority of gain narrowing in a TW CPA laser is seen in the amplification of the
oscillator seed from nJ-level to mJ-level [118]. In double-CPA, a hollow core fiber (HCF) is
used to generate a supercontinuum from mJ-level pulses compressed in a first CPA system. The
mJ-level supercontinuum is then used to seed a second CPA system, which operates at high
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saturation. Since the seed bandwidth is renewed after the first CPA stage and the gain in the
second stage is saturated, gain narrowing is minimal [119], [120].
2.2.2.3 B-integral
Nonlinear phase can distort the pulse spectrum and the wavefront of a beam leading to poor
beam quality and possibly optical damage. The nonlinear index of refraction 𝑛2 is an intensitydependent contribution to the total index of refraction 𝑛(𝑡) due to the Kerr effect.
𝑛(𝑡) = 𝑛𝑜 + 𝑛2 𝐼(𝑡)

( 2.22 )

The Kerr effect can lead to whole-beam and/or local self-focusing for high intensity pulses in air
or other transparent media., For a Gaussian and other similarly shaped beams, whole-beam selffocusing results from the formation of a graded nonlinear phase which is maximum at the beam
center and decreases proportional to beam intensity toward the edges of the beam. The
accumulated phase is semi-quadratic and forms a positive lens, so that the whole beam slowly
begins to focus with propagation. Locally intense regions of the beam can induce similar selffocusing, separate from the whole-beam self-focusing effect. These intense regions in the beam
profile can result from aberration, diffraction, non-uniform gain distribution, material defects, or
optical flatness tolerances. The beam breakup integral or B-integral is a convenient measure of
the nonlinear phase accumulated by a pulse. The product of the nonlinear index 𝑛2 and the pulse
peak intensity 𝐼(𝑧) is integrated over the propagation length.
B-integral=

2𝜋
𝜆

∫ 𝑛2 𝐼(𝑧)𝑑𝑧

( 2.23 )
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Meticulous calculation of B-integral phase accumulation through the entire system may not be
necessary since contributions from the last one or two power amplifiers likely make up >90% of
the B-integral phase. Maximizing gain (minimizing loss) in the final amplifier stage helps to
keep B-integral values lower. Similarly, in fiber amplifiers, coupling pump light into the opposite
side of the fiber from the signal input allows for maximum increase in energy near the output of
the fiber to minimize the length of propagation in the fiber at high intensity. While B-integral
indicates deleterious nonlinear effects, some of which affect beam quality, it is typically
calculated for the peak nonlinear phase accumulation and ignores the spatial dependence of Bintegral and the associated effect of the beam wavefront. Typically, accumulation of a B-integral
phase in free space amplifiers is kept below 2 radians; however, higher values of B-integral may
be tolerated in lasers with higher beam quality or in resonators and fibers due to modal
confinement. In some applications such as supercontinuum generation via self-phase modulation
or laser filamentation via the Kerr effect, a high B-integral is necessary [38].
2.2.2.4 Quantum Defect and Thermal Properties of Laser Media
Only a fraction of the total energy absorbed by the gain medium can be extracted by a
seed pulse due to the quantum defect between the pump level and the upper laser level. The
quantum efficiency 𝜂𝑄𝐸 , given by the ratio of the pump wavelength and the signal wavelength,
defines the best-possible stored energy percentage, neglecting other losses.

𝜂𝑄𝐸 =

𝜆𝑝
𝜆𝑠

=

ℎ𝜈𝑠

( 2.24 )

ℎ𝜈𝑝
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The quantum defect is the percentage of absorbed energy that is lost due to non-radiative
(thermal) transitions.
𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝐷𝑒𝑓𝑒𝑐𝑡 = 1 − 𝜂𝑄𝐸

( 2.25 )

Doped ions in the gain medium absorb pump photons promoting electrons from their ground
state to an excited state 𝐸3 . These excited electrons quickly begin to relax to lower energy states
via non-radiative decay until they rest for a comparatively long time in the upper state of the
laser ion 𝐸2 (Figure 2.14). The long fluorescence lifetime of this state causes a bottle neck in
decaying electrons, which is referred to as stored energy. This stored energy can be extracted by
incident photons triggering stimulated emission and laser amplification. Without stimulation, the
stored energy will be emitted as spontaneous fluorescence (𝐸2 to 𝐸1 ) and non-radiative decay.
The non-radiative decay from 𝐸3 to 𝐸2 , and 𝐸1 to 𝐸0 for a 4-level laser, results in energy lost in
the form of heat. For Ti:Sapphire lasers this is >30% of the absorbed pump energy.
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Figure 2.14: Simple electronic energy level diagrams for a laser ion a) three-level laser, b)
four-level laser.
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The heat accumulated due to the quantum defect dissipates at a rate dependent on the
thermal conductivity of the gain medium, the temperature of the heat sink, and the thermal
transfer from the laser medium to the heat sink. If the pump power is much larger than heat
dissipation, this can lead to steep temperature gradients and thermal fracture in solid-state media.
To allow operation of a laser at higher power, many cooling methods have been employed.
Simple convection cooling in air may be sufficient for lower power operation. Chilled water
cooling either directly or indirectly through a thermally-conductive mount is the most common
method. Thermo-electric cooling is popular among diode lasers. Cryogenic cooling with liquid
nitrogen or helium enables operation of the gain medium at very low temperatures, increasing
the thermal conductivity and allowing more efficient heat removal at high repetition rates. As an
example, Ti:Sapphire CPA systems operating at 1 kHz with water cooling typically have a pulse
energy of ~4 mJ or less, while operation at 10 kHz with the same energy is possible utilizing
cryogenic cooling [121], [122].
Besides the quantum defect of a laser ion, maximizing the surface-to-volume ratio of a
gain medium increases the rate of heat removal as required for high-power laser sources. To
increase this ratio, either the volume is decreased along with stored energy/heat in the medium,
or the surface area can be increased, which increases the transfer rate of heat. Both of these
scenarios improve thermal performance. There are two practical ways to increase the surface-tovolume ratio of a gain medium while maintaining the same volume. One is to stretch the volume
into a long, thin strand, where the length is many times larger than the cross-sectional area. The
other is to increase the cross-sectional area while decreasing the length, like a sheet of paper. The
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first method is characteristic to fiber lasers, while the second method is identifiable in the
geometry of thin disk or slab lasers. Average power at the kW level has been demonstrated with
fiber [123], thin disk [124], and slab geometries [125]; these and other laser geometries will be
discussed in more detail in Section 2.2.3.
2.2.2.5 Thermal Lensing
Several thermal-induced effects contribute to a phenomenon known as thermal lensing,
which impacts the design of many mid- to high-power lasers. A non-uniform temperature
distribution in a gain medium causes a spatial variation of the index of refraction. The total index
of refraction 𝑛 is dependent on temperature T and stress 𝜖 in a gain medium. A thermal gradient
transverse to the laser propagation direction is produced when side cooling a laser medium such
as a cylindrical laser rod. This thermal gradient generates a radially-symmetric phase
contribution 𝑛𝑇 (𝑟) on top of the normal index of refraction 𝑛𝑜 . Additionally, strain in a material
from thermal stress causes variations in the index of refraction via the photo-elastic effect 𝑛𝜖 (𝑟)
[126].
𝑛(𝑟) = 𝑛𝑜 + 𝑛𝑇 (𝑟) + 𝑛𝜖 (𝑟)

( 2.26 )

Since the temperature gradient contribution to the index of refraction is nearly quadratic, the
induced phase is similar to a lens and a thermal focal length 𝑓 can be approximated by equation
2.28, where 𝜅 is the thermal conductivity, 𝑃ℎ𝑒𝑎𝑡 is the power dissipated, 𝐴 is the pumped area,
and 𝑑𝑛/𝑑T is the temperature dependence of the index of refraction [127].
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𝑑𝑛
𝑃
𝑑T ℎ𝑒𝑎𝑡

𝑓=[

2𝜅𝐴

−1

]

( 2.27 )

In addition to stress-induced changes to the index of refraction, thermal expansion of the gain
medium can cause the end faces of the laser medium to bulge. Refraction from the induced
curvature in the end faces of the laser medium also contributes to the thermal lens [128]. A more
comprehensive equation for estimating the focal length of a thermal lens includes the effects of
𝑑𝑛/𝑑T, strain-induced photo-elastic effects, and thermal expansion [128].

𝑓≈

2𝜅𝐴

[

𝑑𝑛

𝑃ℎ𝑒𝑎𝑡 𝜂 𝑑T

−

𝑛𝑜3 𝛼𝑐𝑥′′
48(1−𝜈)

+

2(𝑛𝑜 −1)𝛼𝑙𝑜
L

−1

]

( 2.28 )

In a simulation of thermal lensing for a lamp-pumped Nd:YAG rod using the equation above,
Koechner calculated that the ratio of the magnitude of the three terms from left to right is
7.3:1.88:0.54 [128].
Thermal lensing can be compensated to first order with a simple lens; however in the
case of more extreme thermal lensing, uncompensated higher-order phase terms lead to wavefront aberrations which degrade the beam quality [129]. Some high-power laser rod amplifiers
add a concave curvature to end faces to compensate some of the thermal lensing effect without
external lenses. Other methods use adaptive curvature mirrors [130], [131] or elements with a
thin liquid or gel layer exhibiting a negative dioptric power to match the thermal lens [132],
[133]. Wavefront sensors such as a Shack-Hartmann devices can provide a means for analysis of
thermal lensing in a system in order determine appropriate compensation schemes [129].
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2.2.2.6 Thermal Depolarization
In high-power lasers with optically-isotropic gain media, such as Nd:YAG, the straininduced photo-elastic effect can not only contribute to thermal lensing, but also induce a thermal
birefringence [126]. In the case of operation with linear polarization, the light transmitted
through different areas of the amplifier become retarded so that the polarization of the light at the
output has a spatial variation. Upon transmission through a polarizer, the depolarized light is
rejected, reducing the efficiency of the oscillator or amplifier.
In general, the effect of depolarization is most significant at radii farther from the
propagation axis and in the areas between the crystal axes, as evidenced in the dark regions in
Figure 2.15b. Figure 2.15 was taken as part of a study on depolarization which was conducted
before selection of a thermal birefringence compensation scheme for a high-power diodepumped picosecond pump laser for OPCPA [134], [135]. The scheme in Figure 2.15c reduces
the amount of depolarized from 25% to 5%. The use of a quartz rotator (QR), together with a 4-f
telescope between two matched amplifiers, allows cancelation of the depolarization from the first
amplifier by 90 degree-rotated depolarization from the second identical amplifier [136]. A
similar technique can be employed with a double-pass amplifier using a Faraday rotator near the
folding mirror to rotate the polarization by 90 degrees [137]. Stimulated Brillouin scattering has
also been utilized in a phase conjugate mirror scheme for compensation of thermal
depolarization [138], [139].
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a)

b)

c)

Figure 2.15:a) Example of depolarization compensation scheme using a quartz rotator (QR)
inside of a 4-f telescope relay-imaging between two 3 mm diameter Nd:YAG rods diode-pumped
with 300 W each. b) Output without QR element, showing 25% loss from depolarization. c)
Output with QR with depolarization loss minimized to ~5% [140].
2.2.2.7 Amplified Spontaneous Emission and Parasitic Lasing
In a laser amplifier with high gain, fluorescence from spontaneous emission can be
amplified along with the seed pulse. This Amplified Spontaneous Emission (ASE) decreases the
temporal contrast and/or may significantly reduce the gain, as is the case with parasitic
transverse lasing [141]. Spontaneous emission is generated and amplified as long as there is
inversion from pumping. For pulsed pump systems, a pedestal may be present which increases
the noise floor around the main laser pulse with a duration equal to the pump pulse duration.
ASE co-propagating with the coherent pulse is typically measured by the temporal contrast ratio
between the peak of the pulse and the background noise floor just beyond the pulse duration.
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Typical contrast seen in commercial CPA systems is in the range of 104 to 106 [142]. The
contrast is particularly important in higher peak power applications, where the intensity of the
noise pedestal or pre-pulses may be sufficient to generate a plasma before the main pulse is able
to interact with the target. ASE can be reduced by temporal gating, focusing through an aperture
(spatial filtering), spectral filtering, polarization filtering, and increased seed fluence [143].
However, some of the highest contrast ratios (~1010) are obtained through using Cross Polarized
Wave (XPW) generation [119], plasma mirrors [144], and/or with OPCPA [145].
Parasitic lasing can result when ASE is combined with resonator-like feedback. Fresnel
reflections from crystal facets or other optics within a laser amplifier path may provide enough
feedback to induce parasitic lasing longitudinally. Not only is the temporal contrast reduced, but
ASE steals gain from the amplified laser, depopulating the upper laser state and limiting the
output energy of the laser. Furthermore, transverse parasitic lasing is a problem in scaling the
aperture of high-energy amplifiers, where reflected or scattered light from the edges of the gain
medium can provide sufficient feedback [146], [147]. The transverse gain increases with
aperture, and if the transverse gain becomes higher than Fresnel losses, then parasitic lasing will
occur, reducing the gain for laser amplification. In Ti:Sapphire CPA systems, parasitic lasing can
become a problem near the Joule level unless proper precautions are taken to keep ASE below
the parasitic lasing threshold. Minimizing the crystal length and/or wedging the polished crystal
faces is effective in preventing longitudinal parasitic lasing, however the curved sides of rod and
disc shaped gain media make is difficult to prevent transverse oscillations in high-energy
amplifiers. To increase scattering losses for transverse oscillations it is common to ground finish
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the sides of an amplifier crystal. Additionally, patterns can be etched into the sides to increase
the output coupling of light [148]. The use of index-matched claddings on the curved sides of the
gain medium can reduce the Fresnel reflections which instigate parasitic lasing [141], [149].
Another technique, extraction during pumping (EDP), avoids parasitic lasing in a multi-pass
amplifier by spreading the saturated gain more evenly among amplifier passes with a delayed
pump pulse [150]. If the full duration of the pump pulse has not been absorbed then the gain of
the first pass (and the parasitic lasing is reduced), then the second half of the pump pulse can
provide amplification for the final pass. In a similar way the absorption of the gain medium
could be reduced with lower doping concentrations and the pump recycled to spread the
population inversion in time [151], [152]. If pumping the gain medium from a single side,
recycling the pump from the other side also decreases the maximum transverse gain with a more
even distribution of pump along the propagation axis.
2.2.3

Solid-State Amplifier Configurations

Since the work of this thesis focuses on solid-state laser design, this section will outline a
few common amplifier configurations discussing their advantages and potential applications. The
general design of an amplifier system emphasizes higher gain in early amplifier stages and
higher energy extraction efficiency in later power amplifier stages. Only in the last one or two
power amplifier stages is it desirable to operate above the saturation fluence, as well as close to
B-integral and damage threshold limitations. A master-oscillator power-amplifier (MOPA)
design features an oscillator, typically Q-switched or mode-locked, which is used to seed a chain
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of amplifiers, where amplifier stages may employ a variety of designs. The next subsections will
outline useful amplifier configurations with rod, disk, slab, and fiber gain media classifications.
2.2.3.1 Rod Type Amplifiers
Rod type gain media are cut from a crystal boule doped with a rare earth laser ion. Rod
amplifiers are typically pumped from the side with flashlamps or stacks of diode lasers. The
broad emission spectrum of the flashlamps overlaps well with absorption bands in neodymium
and chromium doped gain media. Flashlamps are placed in close proximity to the amplifier rod
and enclosed in a cavity with elliptical reflectors to not only enhance absorption, but also to
distribute stored energy more evenly in the gain media. Flowing water around the lamps and gain
media allows operation at Watt-level average powers [127]. Since only part of the white-light
produced by a flashlamp can be absorbed and the quantum defect between these absorption
bands and the upper-state laser level is large, ~1 % optical efficiency is common in flashlamppumped amplifiers. Diode-pumped amplifiers can achieve much higher efficiencies since the
narrow linewidth of the laser diode output can be matched to strong absorption lines near the
upper laser level of gain media [153]. Diode lasers can be fabricated in bars and packaged into
stacks, which run the length of the laser rod. By arranging three or more diode stacks in a sidepumped geometry the pump light is absorbed relatively uniformly in the laser rod. Diodepumping is typically CW, however pulsed operation can be achieved with a fast-switching power
supply. Water cooling allows operation of these amplifiers at the hundred-W-level [135].
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Since amplifier rods are relatively long compared to the aperture diameter most
configurations are single passed or double passed with a folding mirror (Figure 2.16a). A large
number of amplifier passes is required in order to achieve a total gain of several orders of
magnitude, making a system complex and expensive, if limited to double pass amplifier
geometries. A regenerative amplifier allows an unlimited number of passes in a single amplifier
by switching a seed pulse in and out of a laser resonator. A regenerative amplifier is basically a
Q-switched laser which is seeded by pulses < 10 ns in duration and consists of a gain medium,
Pockels cell, quarter-wave plate (QWP), and thin film polarizer (TFP) inside of a resonator with
highly-reflective (HR) mirrors (Figure 2.16b). This amplifier operates by injecting a seed pulse
off of a TFP into the cavity for a number of round trips (i.e. 10-50 round trips) until the Pockels
cell switches the pulse out at the maximum energy. If the pulse is not ejected, then saturation
decreases the round-trip gain below the cavity losses and the pulse begins to lose energy with
each subsequent pass (Figure 2.16c).
For efficient energy extraction single or double pass amplifiers are operated above the
saturation fluence. Since there is more energy stored near the edges of the gain medium in a sidepumped amplifier, a Gaussian seed profile begins to morph into a high-order super Gaussian in
gain saturation. Optimal energy extraction can be achieved by forming flattop beams to fill the
gain volume and relay-imaging between power amplifiers in control beam quality.

50

a)

b)

c)

Figure 2.16: Common rod type amplifier configurations. a) Double pass configuration. b)
Stable-resonator regenerative amplifier with high-reflectivity (HR) curved mirrors. c) Linear
plot showing regenerative amplifier energy fluence versus resonator roundtrips, where after the
peak in energy the gain is reduced by saturation below the cavity losses.
For shorter rod lengths with laser end-pumped configurations such as Ti:Sapphire, a
slight angle can be introduced between passes, allowing a larger number of passes to crisscross
an amplifier (Figure 2.17). Optimum overlap of the seed profile with the pumped region of the
crystal can be achieved by keeping crossing angles small. Laser end-pumping the gain medium
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from both sides more uniformly distributes stored energy in the crystal (Figure 2.17a). Extension
of multi-pass geometries to three dimensions can improve even energy extraction [154].

a)

b)

Figure 2.17: a) Bow tie multi-pass amplifier configuration. b) Three-mirror ring amplifier
configuration.
2.2.3.2 Disk Type Amplifiers
Thin disk solid-state laser modules can be used as amplifiers in high intensity ultrafast
laser systems, using single crystalline material or transparent ceramics or polycrystalline material
as laser media. Ceramic gain media inherently have some advantages since they can be doped to
much higher concentrations and yet retain structural properties near that of a single crystal [155].
The principal objective in the thin disk design is to minimize thermal distortions in the gain
media, and therefore the thinner the disk can be fabricated with sufficient gain (related to
doping), the greater amplifying efficiency. Disk amplifiers are more thermally efficient than rod
type amplifiers because of a higher surface area to volume ratio. Disk lengths more than a
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centimeter are considered to be “thick” while lengths of ~1 mm or less are labeled at “thin”.
Ti:Sapphire amplifiers resemble thick disks but are not considered to be disk lasers since they are
edge-cooled. The defining attribute of a disk amplifier is that one of the end faces of the crystal
is coated as a mirror and cooled directly with a heat sink, allowing double pass of the gain
medium [156]. High power diodes are arranged to end pump the disk. Thermal effects such as
thermal lensing and thermal birefringence are less than in rod amplifiers since heat flow and
temperature gradients occur longitudinally along the direction of laser propagation. The most
common disk laser is Yb:YAG which has the benefit of a low quantum defect is compounded
with the thermally efficient disk geometry [157]. Thin-disks are typically used in regenerative
amplifiers since the gain per pass is relatively low, and thicker disks may be used as power
amplifiers. The construction of a thin disk amplifier module involves the mounting of a very thin
AR and HR coated crystal to a heat spreader which is typically jet-impingement or microchannel water cooled (Figure 2.18). The function of the heat spreader is to increase temperature
uniformity inside the active medium. The heat spreader material is matched to the thermal
expansion coefficient of the gain medium to reduce thermal stress and strain at the boundary
[158]. Many laser cavity designs involve recycling of the pump and multi-passing the amplified
beam in a complex geometry. Additionally, preparation and delivery of the pump from a high
power diode source is not trivial [157]. Disk lasers are in direct competition with fiber lasers for
cw and pulse high average power output at the kW-level [124], [153], [159], [160].
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Figure 2.18: Simplified diagram of a thin disk amplifier architecture.

2.2.3.3 Slab Type Amplifiers
Another classification of solid state amplifiers uses glass, crystal, or ceramic slabs in a
number of geometries, where the most common dopant types are Neodymium (Nd), because of
its high gain and low saturation fluence; and ytterbium (Yb), which exhibits high optical
efficiency and small quantum defect. Slab-based systems have been used with large-aperture and
flashlamp-pumping to generate PW-level peak power with kilo-Joules of energy [161], [162].
Conversely, slab lasers have been used to generate record average powers [125], [163]. Figure
2.19 shows simplified drawings of the four basic slab laser designs. Figure 2.19a is similar to
Innoslab amplifiers [164], where the slab is sandwiched between two heat sinks and both the
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pump and signal beams travel the longer transverse dimension of the slab. Innoslab amplifiers
are diode-pumped and use a variety of Yb- and Nd-doped crystals slabs. Figure 2.19b is similar
to the design of Textron ThinZag amplifiers where cooling is provided by water flowing in the
thin area between slabs [163]. Figure 2.19c is similar a design by Sridharan et al. where HRcoated slab edges allow total internal reflection for the laser beam and the pump to travel a
zigzag path along the wider dimension of the slab [165]. Figure 2.19d is similar to the gascooled Nd:glass heat capacity laser developed at LLNL, which is pumped by a 2D diode array
transverse to the beam path [166]. Also, the LLNL HAPLS [167] and National Energetics Texas
Petawatt [162] systems feature a liquid-cooled version of this slab geometry.

a)

b)

c)

d)

Figure 2.19: (a-d) Simplified illustrations of the four basic slab laser amplifier designs.
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2.2.4

Current CPA Performance and Applications

In the last few decades many innovations have been developed in science and technology
as a result of CPA. Peak power at the PW level has been demonstrated from large scale systems
[168]–[170] and energies up to 500 J has been achieved in 500 fs pulse durations [171]. Fiber
lasers hold the record for the highest average power CPA with up to 830 W demonstrated [172].
However, 2 kW was recently demonstrated in an uncompressed CPA fiber system [153], so
increased compressed powers are eminent. In fibers, the main limitation in terms of average
power is the threshold for thermal mode instability (TMI) [173], but new fiber architectures such
as large-pitch fibers (LPF) [174], chirally-coupled core (CCC) [175], and distributed mode
filtering (DMF) [11] may enable further power scaling. Limitations in compressor grating size,
bandwidth, temporal pulse contrast, and simultaneous scaling of peak and average represent the
most significant challenges in current CPA. OPCPA, discussed in the next section, aids in
overcoming some of these limitations to push system performance to higher peak and average
power.
2.3

Optical Parametric Chirped-Pulse Amplification (OPCPA)

With the advent of OPCPA a decade ago the amplification of few-cycle pulses to high
powers has led to interesting opportunities in high field physics such as laser driven fusion [176],
electron acceleration [177], proton acceleration [178], coherent wake emission [66], and
harmonics generation from relativistic plasma mirrors [179]. Much of the design of an OPCPA
system depends on the wavelength of interest. The fundamental or harmonic wavelengths of
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available high energy pump sources must also be considered. Additionally, an Optical Parametric
Amplifier (OPA) medium must be carefully chosen by considering the damage threshold,
nonlinear coefficient, scalability, phase matching, and transparency for all mixed wavelengths.
2.3.1

Dispersion in OPCPA

The dispersion theory discussed in section 2.2.1 also applies for OPCPA systems. Similar
dispersive elements are utilized, however dispersion must be managed with more precision over
octave-spanning spectral bandwidths, to allow for compensation of higher order phase across the
whole spectrum. Silver mirrors can be used instead of dielectric mirrors to avoid dispersion, or
double-chirped mirrors can be implemented into the dispersion management. To avoid additional
dispersion from half-wave plates, periscopes can be used to rotate the polarization to match
dispersion devices or OPAs. In order to achieve few-cycle compressed pulse durations, most
OPCPA systems require adaptive dispersion devices such as an AOPDF[180] or SLM pulse
shapers [181] for fine control of dispersion across an octave spanning bandwidth. For example, a
Dazzler by Fastlite can compensate 6 ps group delay over a bandwidth from 550 nm to 1150 nm
[6]. Many ultra-broadband OPCPA systems use a hybrid grating-prism (Grism) stretcher (Figure
4.2) because the ratio of TOD to GDD compliments well the material dispersion of bulk glass
[99], [182]. Pulse compression with antireflection (AR) coated bulk glass allows for nearly
lossless compression instead of ~28% loss for typical gold coated holographic gratings
(estimated for a compressor with Spectrogon 1800 gr/mm gratings at 800 nm). The use of a
Grism stretcher allows more control over the shape of the stretcher’s dispersion, since the total
dispersion is calculated by five independent variables for a given wavelength (i.e. prism material,
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prism apex angle, grating groove density, grating incident angle, and grating separation).
Stretched pulse durations are typically in the range of 1 ps to 100 ps, since compensation of highorder dispersion is challenging for larger stretching/compressing ratios across the octavespanning parametric gain bandwidth typical in OPCPA.

a)

Grism in stretcher

b)

Bulk Glass Compressor

Figure 2.20: Diagram and supporting photographs for a) Grism stretcher and b) bulk glass
compressor.
2.3.2

Optical Parametric Amplifier Theory and Characteristics

Optical parametric amplification (OPA) is a method of pulse amplification which has
several different characteristics compared to traditional laser amplification via stimulated
emission. The primary advantage of OPA in CPA (termed OPCPA) is the ability to amplify
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bandwidths larger than is possible with known laser media and the potential for reduced gain
narrowing effects. Additionally, parametric gain up to 106 is possible in a single pass. Parametric
gain is a second order nonlinear process similar to difference frequency generation, where
conservation of energy ℏ𝜔 between the pump (index ‘p’), signal (s), and idler (i) determines the
wavelengths that can be amplified by a given pump wavelength.
ℏ𝜔𝑠 = ℏ𝜔𝑝 − ℏ𝜔𝑖

( 2.29 )

Furthermore, the condition of phase matching below (i.e. conservation of momentum) must be
satisfied, where 𝜿 is the wave vector.
ℏ𝛥𝜿 = ℏ𝜿𝒑 − ℏ𝜿𝒔 − ℏ𝜿𝒊

( 2.30 )

The energy conversion process is governed by a set of coupled wave equations for the pump,
signal, and idler waves [183]. Solving the coupled wave equations for the case of large gain,
perfect phase matching, and square pulses, yields a simplified relation for parametric irradiance
gain G (below), where L is the interaction length in the phase matched medium, Γ is the
nonlinear coefficient, and 𝑑𝑒𝑓𝑓 is the effective nonlinear coefficient.
1

𝐺 = 4 exp(2ΓL)

( 2.31 )

2
8𝜋 2 𝑑𝑒𝑓𝑓
𝐼𝑝

Γ2 = 𝑛 𝑛

( 2.32 )

𝑖 𝑠 𝑛𝑝 𝜆𝑖 𝜆𝑠 𝜖𝑜 𝑐

This indicates that the gain scales with the exponential of the product of the interaction length
and the square-root of the irradiance: 𝐺 ∝ exp(√𝐼𝑝 L) for a given nonlinear medium.
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Phase matching is typically accomplished by angle tuning of a birefringent crystal with
suitable effective nonlinear index. The broadest phase matched bandwidths are achieved for noncollinear OPA (NOPA) [184] where the pump phase matching angle 𝜃 and the angle between the
singal and the pump 𝛼 can be engineered (Figure 2.21). With a narrow band pump, phase
matching across a broad seed bandwidth is achieved by constant variation of the idler vector
direction as the wavelength of the chirped signal beam varies with time. This results in a
spatially chirped idler beam.

Figure 2.21: Non-collinear geometry OPA (exaggerated angles) with a chirped seed pulse and
resulting spatially chirped idler pulse.
To achieve a larger parametric amplified bandwidth, the OPA crystal length can be
reduced in order to minimize the wave-vector mismatch Δ𝑘; then pumping with a higher
intensity can compensate for the lowered gain [185]. A broad-bandwidth pump source has been
shown to increase the phase matching bandwidth [186]. Another technique used to improve the
phase matching bandwidth is to spatially chirp the pump beam instead of relying solely on the
variation of the idler vector to phase match across a large bandwidth [187]. The pump and signal
pulses are very sensitive to changes even on the order of 1 mrad [188], [189]. Purposely detuning
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the angles differently on multiple OPA stages can shift the amplified bandwidth for each stage
and broaden the total amplified bandwidth [181], [190]. Using multiple pump beams of the same
or different wavelengths in a single OPA can provide significant broadening of the gain
bandwidth; however the trade-offs relative to damage threshold and synchronization for multiple
beams must be considered [191], [192]. Amplification of bandwidths able to support sub-5-fs
pulses has been demonstrated by two-color pumping, where two pump wavelengths are used in
alternating OPA stages [193].
Due to conservation of energy only a fraction 𝜆𝑝 /𝜆𝑠 of the pump is converted into the
signal wavelength, and since real pulses are not typically square in both time and space the
conversion efficiency is even less. A conversion efficiency of 10 to 20% is reasonable to
consider for Gaussian temporal and spatial profiles and has been achieved experimentally [194].
For Gaussian pulses energy conversion is maximized for pump durations equal to or smaller than
the signal pulse. However, since the signal pulse is temporally chirped the pump pulse should be
longer than the signal to maximize the gain in the wings of the spectrum and prevent narrowing
of the bandwidth. Since the temporal and spatial pulse shape and overlap strongly influence
conversion efficiency, OPCPA systems require high energy pumps with relatively good beam
quality in addition to temporal synchronization of the pump and signal pulses. For a gain of 104 a
change in beam quality from M2 = 1 to M2 = 2 results in 100 times less gain [185].
Spatial profile narrowing may occur with Gaussian-like profiles because the center of the
beam experiences a much higher gain than the edges. This is termed ‘gain-guiding’. The depleted
pump beam is left with a doughnut shaped spatial profile, signifying poor parametric conversion
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efficiency (Figure 2.22). This is common in high gain pre-amplifiers, since both high gain and
high efficiency cannot be achieved simultaneously [195].

Figure 2.22: Modeled irradiance profile of a Gaussian signal beam for different gain factors,
and the depleted pump beam shown at the right for the highest gain factor signal [185].
To obtain high conversion efficiency in a final stage OPA, a Gaussian signal beam should
be expanded slightly larger than the pump beam to ensure more uniform depletion of the pump
[185]. Temporal and spatial pulse shaping, such as using flat top [196] or complimentary
pump/signal profiles [197], have been shown to improve conversion efficiency. Pointing stability
and temporal jitter are critical since the OPA output is nonlinearly dependent on the overlap of
the pump and signal beams. A few techniques for achieving maximum amplified bandwidth
include: multi-beam pumping of a single OPA [191], [198], two-color pumping of alternating
OPA stages [193], and controlled spatial chirping of the pump beam [187].
2.3.3

Frequency Domain OPA

A new OPCPA technique, termed Frequency-domain OPA (FOPA), has emerged from
existing technology incorporating multiple OPAs in the Fourier plane (FP) of a zero-dispersion
SLM pulse shaper (Figure 2.23) [199]. The use of multiple OPAs allows amplification over
much broader bandwidth since each OPA is optimized to amplify a different portion of the
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overall bandwidth. Demonstrations show that the output beam profile is relatively unaffected by
the diffraction off the crystal apertures in the FP, save slight temporal contrast degradation [199].
Another prime advantage of this technique is that pulse stretching, amplification, and
recompression occurs in one compact device, where complicated dispersion matching of system
components is not a concern. Spherical mirrors collimate the angularly dispersed spectrum from
the diffraction grating, and focus the beam in the orthogonal transverse plane. The duration of
the pulse in the Fourier plane elongates when the spectrum is spread spatially due to the timebandwidth relation; furthermore, the diffraction limited focusing of the beam in the orthogonal
transverse plane (focusing to a line in the OPAs) has an effect on the pulse duration [199]
(Figure 2.23 a). By selecting appropriate grating and curved mirrors, durations of 1 to 30 ps can
be obtained. Longer pulse durations could be achieved by seeding the 4-f grating telescope with
a chirped pulse, where a FOPA configuration is placed between a grating stretcher and
compressor.
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Picosecond
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Figure 2.23: Diagram of Fourier-domain OPA (FOPA). a) An illustration of how the seed pulse
is simultaneously stretched spatially and temporally where amplification can be divided among
multiple OPA crystals in the Fourier plane before the pulse is returned to its original pulse
duration and spatial profile. b) A sketch how the pump profile is transformed to pump multiple
OPAs, enabling shaping of the gain spectrum by transverse distribution of the pump.
Most OPCPA systems have Gaussian or super-Gaussian gain bandwidth shapes since this
is the product of typical pump pulse temporal profiles overlap with the temporally chirped seed
spectrum in the OPA. A unique advantage of FOPA is the ability to arbitrarily shape the
amplified spectrum in two ways, which is attractive since the spectra from octave-spanning
oscillators and supercontinuum sources are complex with sharp peaks and valleys. First, the
phase matched bandwidth of each OPA can be tuned such that the gain maximum corresponds to
dips in the seed spectrum, whereas the OPAs could be de-tuned relative to the peaks in the seed
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spectrum. Second, the gain of each spectral component can be controlled by spatial variation of
the pump intensity across the OPA chain. Gain narrowing can be virtually eliminated, and even
reversed in the case where a Powell lens distributes more pump intensity to the edges of the
spectrum than the center of the spectrum (Figure 2.23 b). Since the temporal profiles of the seed
and pump are decoupled from one another, amplification of arbitrary pulse shapes is possible.
Another consequence of FOPA is the dissolution of seed and pump profile dependence. The
former stringent pump beam quality requirements can be relaxed in a FOPA architecture, where
spatial intensity is mapped to seed spectrum. Additionally, multiple parallel pump sources could
be utilized in pumping individual OPAs, where coherence synchronization is not required. One
difficulty in the implementation of multiple OPAs is that all crystals must be polished with
wavelength precision matched OPD. Some limitations or future challenges in FOPA include
limited seed spectrum, amplification bandwidths limited by OPA crystal transmission window,
and temporal contrast. While FOPA lacks parasitic superfluorescence, temporal contrast may be
limited to 105 on a picosecond time scale due to OPA aperture effects in the FP [200]. One
solution to this is the design of a single wide-aperture OPA from quasi-phase matched (QPM)
periodically-poled lithium niobate (PPLN) with two-dimensional (2D) QPM [201]. Performance
at the mJ level has been demonstrated and scaling to 100 mJ few-cycle pulse duration is
underway [202].
2.3.4

Temporal Contrast

In a similar manner to the occurrence of ASE in laser amplifiers, OPAs suffer from a
reduced pulse-to-background temporal contrast ratio within the short duration of the pump pulse
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due to Amplified Optical Parametric Fluorescence (AOPF) [190]. Given that AOPF is only
generated within picoseconds of the main laser pulse, contrast ratios on the nanosecond scale in
OPCPA are superior to traditional CPA [145]. Since the AOPF has a larger divergence angle
than the amplified signal, using a spatial filter can improve contrast [203]. AOPF can also be
reduced by shifting the overlap of the signal closer to the leading edge of the pump pulse [204].
Other techniques described in section 2.1.2 can also be useful in temporal contrast improvement
of OPCPA systems. Temporal contrast can be improved with a plasma mirror, where the main
pulse is reflected from a plasma generated by an intense pre-pulse or the leading pedestal of the
main pulse incident on a polished metal surface [205], [206] (similar to Figure 1.5). A contrast
improvement of 40 dB was demonstrated with 50% reflection from a double plasma mirror
[207]. Cross-polarized wave (XPW) generation can be used to improve contrast by three orders
of magnitude [208]. This is accomplished by focusing an intense femtosecond pulse into a BaF2
crystal that is placed between two crossed polarizers; the intensity dependent polarization
rotation allows only the most intense part of the pulse through the analyzer polarizer (Figure
2.24). Due to the relatively low conversion efficiency ~15% for mJ-level pulses, this technique is
best utilized to improve contrast in a pre-amplification stage, where a plasma mirror transmission
of ~80% is more acceptable at the final output of a system [144]. Plasma mirrors and XPW have
been used together with OPCPA for a temporal contrast enhancement beyond 1010, suitable for
multi-petawatt systems [145]. Temporal contrast can be measured with high dynamic range
using a third-order autocorrelator [203], [209].
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Figure 2.24: Diagram of cross-polarized wave (XPW) generation in a barium flouride (BaF2)
crystal between to crossed polarizers, where an intensity dependent nonlinear effect rotates the
polarization to allow transmission through the analyzer for improvement of temporal contrast.
Figure reproduced with permission from [145].
2.3.5

OPCPA System Design

Much of the design of an OPCPA system depends on the wavelength of interest, the
desired peak power and desired average output power. The highest peak power OPCPA systems
are pumped by flashlamp-pumped rod type amplifiers [210], [211], where the highest average
power OPCPA systems are pumped by diode-pumped fiber or slab based systems [212]–[214].
In addition to selecting the proper nonlinear material, with high optical transparency and suitable
phase matching to support the desired signal, idler, and pump wavelengths, one must consider
the availability of high power pump sources as well as the requirements for nonlinear conversion
of the pump to second and/or third harmonic in some cases. An OPA medium is selected by
considering the damage threshold, nonlinear coefficient, crystal growth limitations, phase
matched angles, and transparency for all mixed wavelengths. In general, the phase matched
bandwidth can be increased for shorter pump pulse durations and thinner OPA crystals; however
output energy is more severely limited by damage threshold constraints (section 2.1). However,
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the damage threshold intensity for pulses below 50 ps duration begins to increase, due to a
transition between long-pulse (thermal dominated) and short-pulse (ablation) damage
mechanisms [23]. For this reason, many OPCPA systems are designed with pump pulse
durations near a few picoseconds to maximize parametric gain and bandwidth. Additionally, for
transform-limited pulses around 1 ps CPA can be utilized in the pump laser for enhanced energy
extraction.
Typically, broadband spectrum from a single oscillator is used to seed both the OPAs and
the pump amplifier chain in order to optically synchronize the pump and signal pulse in the
OPAs. Multiple nonlinear effects such as supercontinuum generation, sum frequency generation
(SFG), or difference frequency generation (DFG) are employed to produce the desired signal
and/or pump seed for OPCPA. Other techniques such as multi-beam OPA pumping, two-color
pumping, and cascaded OPA angle tuning may be considered to increase amplified bandwidths.
The OPCPA dispersion varies significantly for signal wavelengths ranging from the visible to
mid-IR. Design examples and performance details of several OPCPA systems will be discussed
in the following subsections for 800 nm, 2 µm, and mid-IR amplified wavelengths.
2.3.5.1 OPCPA at 800 nm
OPCPA systems at ~800 nm are typically pumped with wavelengths between 400 and
550 nm from frequency converted high energy and/or power lasers based on Neodymium (Nd),
Ytterbium (Yb), or Ti:sapphire. The most common OPA crystal used for few-cycle OPCPA at
800 nm is BBO due to its high nonlinear coefficient, high damage threshold, size scalability,
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high transparency from UV to near infrared (NIR), and small phase matching angle [183]. Other
crystals with favorable parameters for amplifying few-cycle pulses in the visible/NIR include
BiB3O6 (BiBO) and LBO [215], [216]. Many OPCPA systems utilize octave-spanning spectrum
of few-cycle Ti:Sapphire oscillators to seed the OPAs after stretching to the picoseconds regime
[210], [217]–[220]. Octave spanning Ti:sapphire oscillators producing 5 fs are commercially
available [217]. Octave spanning seeds for OPCPA can alternatively be produced by Self-Phase
Modulation (SPM) in Hollow Core Fibers (HCF), YAG, or sapphire [221]–[223]. Optical
synchronization of pump and signal can be accomplished by sampling the NIR part of the
spectrum for seeding a Neodymium (Nd) or Ytterbium (Yb) based amplifier chain. Eikema et al.
demonstrated electronic synchronization of the pump and signal pulses with a signal pulse
duration of 13 ps [219]. Herrmann et al. have demonstrated the current record highest peak
power for few-cycle pulses of 16 TW pumped by a flash-lamp pumped Nd:YAG-based amplifier
system [210]. The current average power record for few-cycle OPCPA is 15 W by Lee et al.
using Yb-doped thin-disk regenerative amplifiers at 300 kHz. Recently Hong et al. have used a
combination of fiber pre-amplifiers and cryogenically cooled Yb:YAG rods to achieve pump
powers of 287 W at 78 MHz [224] and 80 W at 2 kHz [225]. Cryogenic cooling of Yb-based
picosecond amplifiers are expected to increase the average power of OPCPA systems to > 17 W
in the near future.
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Figure 2.25: Layout of HERACLES OPCPA facility.
2.3.5.2 OPCPA at 2 μm
High-order harmonic generation (HHG) is interesting at 2 μm because shorter attosecond
pulses can be produced since the harmonic cutoff increases with the product of driving laser
intensity and wavelength squared ( 𝐼𝐿 𝜆2𝐿 ) [96]. OPCPA in the range of 1.8 to 2.2 μm can be
pumped directly by Ti:sapphire, Nd-based, and Yb-based solid state media without the need for
harmonic conversion. Broadband seed at this wavelength can be achieved by difference
frequency generation (DFG) from an octave-spanning Ti:sapphire oscillator [226]. Crystals used
for OPAs at ~2 μm include MgO-doped periodically-poled lithium niobate (MgO:PPLN),
periodically-poled stoichiometric lithium tantalite (MgO:PPSLT), BBO, and lithium niobate
(LiNbO3). For wavelengths in the NIR and longer wavelengths stretching and compressing in
OPCPA can be done by normal and anomalously material dispersion for a specific wavelength.
The pump amplifiers are seeded with a narrow band of the oscillator spectrum in order to ensure
optical synchronization. Hong et al. have produced 0.85 mJ 32 fs pulses at 2.1 μm [226] using
Nd:YLF (1047 nm) and cryogenic Yb:YAG (1029 nm) amplifiers in two separate pump chains
seeded by spectrally splitting the output single fiber preamplifier (Figure 2.26). Gu et al.
generated the shortest pulses (15.7 fs) for this spectral range at 2.1 μm with 740 μJ per pulse at 1
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kHz [227]. Huang et al. have shown that by coherent multiplexing of multiple OPCPA systems
at different wavelengths, sub-cycle optical waveforms can be synthesized to optimize high field
experiments like HHG. Energy and bandwidth scale linearly while peak power scales
quadratically with the number of multiplexed systems, so future synthesizers may be able to
generate high peak power waveforms with multi-octave spanning bandwidth [228].

Figure 2.26: Example Layout of 2μm OPCPA system. Figure reproduced with permission from
[227].
2.3.5.3 OPCPA in the Mid-Infrared
OPCPA in the mid-IR (MIR) around 3 μm offers opportunities for studying molecular
vibrational resonances of hydrides like O-H, N-H, and C-H for spectroscopy [229]. In order to
reach wavelengths of 3 μm and greater, DFG of the signal or idler of a visible OPA stage can be
used. Erny et al. demonstrated generation of tunable mid-IR from 3.2 μm to 4.8 μm by DFG of
two wavelengths that are generated by separate amplifiers seeded by the same Er-doped fiber
mode-locked oscillator [230]. Mayer et al. holds the record for the highest powers in the mid-IR
(3.4 μm) with 600 mW at 50 kHz with 42 fs duration, pumped by a diode-pumped Nd:Vanadate
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Innoslab laser with record stability [214]. Andriukaitis et al. have generated the highest peak
power mid-IR (3.9 μm) pulses of 90 GW at 20 Hz with 8 mJ pulse energy in 80 fs, by an OPCPA
scheme based on flash-lamp and diode-pumped solid state amplifiers [231] (Figure 2.27). Heese
et al. used an Er-doped fiber DFG similar to the approach taken by Erny et al. except that the
secondary OPA stages are “aperiodically” poled MgO:LiNbO3 (APPLN), and produce pulse
energies of 1.5 μJ at 100 kHz (150 mW) for 75 fs pulses at 3.4 μm [232]. To allow higher cutoff
frequency in harmonic generation, future OPCPA deeper in the IR may use aperiodically poled
crystals or semiconductor OPAs [233], [234], [235].

Figure 2.27: Design of 3.9 μm OPCPA system at Vienna University of Technology [211].
2.4

Comparison of CPA and OPCPA

Ultimately, the design of an ultrafast system is driven by the intended application. In
general, CPA systems are more efficient than OPCPA systems since laser amplifier efficiencies
are typically 30-40%, compared to the 10-15% [140] efficiencies obtained in most OPAs.
However, if high repetition rate or few-cycle pulse durations are required then OPCPA
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architecture is advantageous. Additionally, an OPA can be tuned to provide gain for a wide range
of pump and signal wavelengths from the Ultra-Violet (UV) through to the Mid Infrared (MIR)
[222], [231], [236]–[238]. Comparatively, the choices for broadband laser amplification
wavelengths are discrete and generally limited to the visible and NIR. Second Harmonic (SHG)
or Third Harmonic Generation (THG) of a CPA system is another way to introduce additional
operational wavelengths. Supercontinuum generation is commonly used to reduce the effects of
gain narrowing [239] which allows compression to shorter pulse durations. For example, pulse
durations as short as 3.5 fs at 800 nm with mJ energy at 1 kHz have been demonstrated by
broadening in a Hollow Core Fiber (HCF) following CPA [240], [241]. However, super
continuum generation in HCF is currently limited to the few mJ range. Supercontinuum
generation as well as Difference Frequency Generation (DFG) is useful in seeding an OPCPA
system [237], [242], since octave spanning laser oscillators are only available for the NIR.
OPCPA can be more challenging in some ways since a highly stable (temporally and spatially)
picosecond pump source with high beam quality is required. Conversely, the benefits of OPCPA
include: higher pulse contrast, ultrabroad amplification bandwidth, high single-pass gain,
minimal thermal effects (high rep-rate), scalability, and small footprint.
Several laser facilities have achieved peak powers of ~1 Petawatt (PW) [13], [168],
[169], [243], and a few >10 PW systems are currently under construction [14]–[16]. Many of
these new systems are mixing CPA and OPCPA architectures in order to decrease pulse duration
and increase repetition rate with pulse energy at the hundred-Joule level. These large facilities
may fill one or several buildings. In many ultrafast laboratories space and budget are limited,
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thus there has been extensive development in table-top OPCPA systems producing few-cycle
pulses. Picosecond duration lasers with high energy and average power are very interesting for
OPCPA since its scalability is limited primarily by the availability of suitable pump sources
[244]. In conclusion, Ti:Sapphire CPA is currently a more simple and efficient way to achieve
high energy NIR femtosecond pulses, where quasi-single cycle pulse duration is not a
requirement. However, OPCPA is likely more suitable for applications that necessitate increased
wavelength flexibility, quasi-single cycle pulse durations, and/or higher average power.
Ultimately the choice between the use of CPA or OPCPA is highly dependent on the application
constraints, and when possible seeding OPCPA with the output of a CPA system can be
advantageous [119].
2.5
2.5.1

Divided-Pulse Amplification

The Evolution of DPA from Coherent Beam Combining

To scale laser power beyond the single-emitter limit, several types of beam combining
schemes have been employed: spectral beam combining (SBC) [245], coherent beam combining
(CBC) [246], and incoherent beam combining [247]. Beams can be combined coherently filling a
single aperture in the near field, or the beams can be spatially separated and tiled in a pattern to
fill an aperture in the far field, referred to as the filled-aperture [248] and tiled-aperture [249],
[250] approaches to CBC, respectively. The first rudimentary demonstration of CBC was with a
Helium-Neon (He-Ne) laser in 1965 [251]. In the following decades CBC was revisited on
multiple occasions: CO2 laser in 1970s [252], HF laser in 1983 [253], Nd:YAG in 1992 [254],
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semiconductor laser in 1995 [255]. With advances in phase locking and active elements, CBC
has become more robust than in the past with multiple demonstrations above the kW level [248]–
[250].
Just as CBC has pushed average power beyond the kW level, the novel application of
CBC to picosecond and femtosecond pulsed lasers has enabled scaling of the peak power in fiber
lasers beyond the limit possible with a single fiber aperture. The technique was named dividedpulse amplification (DPA) after its first demonstration in 2007 [256]. After initial passive
combining demonstrations, actively-stabilized DPA techniques emerged from existing highpower CBC development. Additionally, DPA can enhance energy extraction efficiency from
gain media for narrow-band picosecond pulses as well as broadband stretched femtosecond
pulses from a CPA system [10]. Recently coherent combining via an enhancement cavity has
been scaled to MW peak power. This technique stacks pulses from a high-repetition rate lasers
source, essentially reducing the repetition-rate and scaling the peak power [257].
2.5.2

DPA Theory

Nonlinear effects and optical damage fundamentally constrain the amplification of timebandwidth-limited picosecond pulses. The invention of chirped-pulse amplification (CPA)
circumvents these limitations for femtosecond pulses by dispersion them spectrally to stretch the
pulse in time to hundreds of picoseconds. However, CPA becomes cumbersome if not
impossible for transform-limited pulses with durations greater than a few picoseconds, due to the
cost of large-aperture gratings and system footprint constraints. Figure 2.28 simulates how the
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system footprint increases with transform-limited pulse duration. In recent years, demands for
higher-energy picosecond lasers to pump optical parametric chirped-pulse amplification
(OPCPA) [210], [244] have driven the development of alternative methods to reduce intensity
during amplification and operate near the saturation fluence of the laser gain media for efficient
energy extraction.

Figure 2.28: A simulation of how the grating separation in a Treacy pulse compressor scales
with the decreasing bandwidth available in longer transform-limited pulse durations in CPA.
The following parameters were fixed in this simulation: 400 ps stretched pulse duration, 1800
gr/mm grating groove density, 69-degree incident angle, and 1064 nm center wavelength.
One promising method to artificially stretch the duration of picosecond pulses is via
coherent pulse addition, also known as DPA [256] . In DPA, a pulse is divided into several lower
energy replicas that are either delayed in time or separated spatially in parallel amplifiers to
avoid damage and nonlinear effects during amplification. Afterward, the pulse replicas are
coherently combined into a single higher-energy pulse. DPA was first proposed and
demonstrated in 2007 at Cornell [256], although the implemented pulse division method was first
observed in 1979 [258]. The pulse division and delay occur when a pulse whose polarization is
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orientated at 45 degrees to the optical axis of a birefringent crystal is split into two equal crosspolarized copies that are delayed with respect to each other by the group velocity mismatch
between the extraordinary and ordinary pulses. For delays larger than ~10 ps, this method
becomes impractical, and polarization beam splitters are employed together with free space delay
lines to form interferometer splitter/combiner elements. The number of pulse replicas scales as
2N with the number of splitter elements N, where splitter elements are typically based on
interferometer configurations such as Mach-Zehnder, Michelson, and Sagnac. DPA is similar to
CPA in that a single pulse’s energy is re-distributed in time during the amplification stage in
order to avoid damage and nonlinear effects. In high average power lasers where thermal effects
such as Thermal Mode Instability (TMI) [259] are a concern, pulse replicas can be spatially
multiplexed rather than temporally in identical parallel amplifiers [9]. For femtosecond pulses,
DPA can be combined with CPA to artificially increase the stretched pulse duration [260]. DPA
is particularly useful for increasing the “effective” pulse duration of picosecond pulses above 1
ns in order to reach gain saturation and efficient energy extraction. Coherent pulse addition has
primarily found application in scaling the peak power of femtosecond fiber lasers, where
combination efficiency is enhanced by high beam quality and simple double-pass setups [261].
However, DPA has also been demonstrated in a 1 mm diameter Yb:YAG rod [262] and a
Yb:CaF2 thick disk [263].
By cascading multiple splitter/combiner elements, the number of replicas can be
increased. The polarization and phase pattern that is encoded in the train of replicas (represented
by the yellow arrows in Figure 2.29) allows recombination to a single pulse when reversed with
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a Faraday mirror. In Figure 2.29, the combination of a half-wave plate (HWP) and a polarizing
beam splitter is initially used to split a single pulse into two spatially-separated orthogonallypolarized pulses. The pulse replica reflected from the polarizer (s-polarized) can be made to copropagate with the transmitted pulse (p-polarized) by double-passing of the same polarizer with
quarter-wave plates (QWP) at each folding mirror. The linear polarizations of the two crosspolarized in-line pulses are then rotated by 45 degrees at the 2nd stage splitter in order to divide
each pulse replica into two pulses. Reflection from the same polarizer after a second pass allows
alignment of the s-polarized pulses to co-propagate with the p-polarized pulse delayed by the
splitter optical path delay. The number of pulse replicas scales 2N with N splitter elements.

HWP

QWP

QWP

3rd DPA stage

2nd DPA stage

1st DPA stage

Start

HWP

QWP

QWP

HWP

FR

QWP

QWP

Amplifier

Figure 2.29: A diagram showing the evolution of the phase and polarization of a train of pulse
replicas in a three-stage Michelson DPA configuration. The angle of the yellow lines above the
splitter stages indicates the linear polarization angle of each pulse replica, where the placement
of the arrow head on the yellow line represents either a 0- or 180-degree phase shift with respect
to the other pulses in the replica train. The pulses after the splitter can then be recombined into a
single pulse after double pass of an amplifier and Faraday rotator (FR).
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Using Jones matrices to represent quarter-wave plates 𝑄𝑊𝑃, half-wave plates 𝐻𝑊𝑃(𝜃),
polarizer transmission 𝑃𝐵𝑆𝑇 , polarizer reflection 𝑃𝐵𝑆𝑅 , Faraday rotator 𝐹𝑅(𝜃), and mirrors 𝑀,
the polarization and phase encoding can be modeled for the DPA system [264]–[266].
𝑖𝜋
1 0
𝑄𝑊𝑃 = 𝑒 4 [
]
0 𝑖

𝐻𝑊𝑃(𝜃) = [

𝑃𝐵𝑆𝑇 = [

cos(2𝜃) sin(2𝜃)
]
sin(2𝜃) −cos(2𝜃)

√𝑇𝑝

0

0

√1 − 𝑅𝑠

√1 − 𝑇𝑝
𝑃𝐵𝑆𝑅 = [
0
𝐹𝑅(𝜃) = [
1
𝑀=[
0

( 2.33 )

cos(𝜃)
−sin(𝜃)

( 2.34 )

]

( 2.35 )

]

( 2.36 )

sin(𝜃)
]
cos(𝜃)

( 2.37 )

0
√𝑅𝑠

0
]
−1

( 2.38 )

The division and delay of the replicas can be symbolized by the division of a single pulse (2x1
matrix) into multiple columns in a larger matrix (2 by 2N matrix), where 2N is the number of
pulse replicas which are divided in time by an arbitrary delay, assuming the pulses are not
partially overlapped in time. Amplification of the pulse train can be accomplished by applying
the Frantz-Nodvick equation to the magnitude of each pulse in the matrix, with 𝐹𝑖𝑛 as the input
fluence, 𝐹𝑜𝑢𝑡 as the output fluence, 𝐹𝑠𝑎𝑡 as the gain saturation fluence, 𝑔 as the gain per unit
length, and 𝐿 as the active length of the gain medium [107].
𝐹𝑜𝑢𝑡 = 𝐹𝑠𝑎𝑡 ln[1 + 𝑒 𝑔𝐿 (𝑒 (𝐹𝑖𝑛/𝐹𝑠𝑎𝑡 ) − 1)]

( 2.39 )
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The energy extracted by each pulse is used to modify the gain in the equation for each
subsequent pulse, where 𝑔𝑛𝑒𝑥𝑡 is the gain per unit length for the next pulse in the train.
𝑔𝑛𝑒𝑥𝑡 = 𝑔 −

(𝐹𝑜𝑢𝑡 −𝐹𝑖𝑛 )

( 2.40 )

𝐹𝑠𝑎𝑡 𝐿

By integrating the beam intensity over the length of the medium during gain, the peak B-integral
phase of each pulse can be calculated and added to the existing phase of each pulse in the replica
before the amplifier. Since the phase/polarization encoding of the replica pulse train is preserved
through the amplifiers, the recombination is done by double-pass of the Faraday rotator and
propagation back through the same splitter optics. The multiplication of a polarizer matrix with
the combined pulse matrix reveals how much of the pulse is coherently combined after the
effects of gain saturation, B-integral, and polarizer losses. This simulation method was utilized in
the design of a Joule-level, flash-lamp pumped Nd:YAG DPA system, which is described later in
section 4.2.
2.5.3

Combination Efficiency

The percentage of the total energy or power after DPA, that can be coherently combined
and transmitted through a polarizer, corresponds to the combination efficiency. Using a Faraday
mirror (combination of a Faraday rotator and a zero-degree mirror) to send the amplified pulses
back through the splitter allows re-combination of the pulse replicas into a single pulse which is
polarized orthogonal to the input pulse, causing the combined DPA output to be ejected from the
shared path by a polarizer just after the splitter/combiner (Figure 2.30). A Faraday isolator (i.e.
Faraday rotator between two orthogonal polarizers) is used to isolate the seed laser from
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feedback of uncombined light. The Faraday effect in a terbium gallium garnet (TGG) crystal
rotates the polarization of the pulse 45 degrees clockwise or counterclockwise, depending on the
direction of propagation (i.e. orientation of the electric to magnetic fields).

Amplifier
output
Amplifier
input

Uncombined
output
HWP

Faraday
Mirror

HWP

Isolator
Amplifier
Combined
output

Figure 2.30: Mach-Zehnder style DPA configuration showing the effect of gain saturation on the
pulse replica train.
Ideal pulse recombination requires that the pulses be identical in temporal shape, phase,
and spatial profile as well as perfectly overlapped in space and time. Beam combination losses
can be broken down into two categories: temporal and spatial. Temporal losses arise from
differences in optical path, Kramers-Kronig effects, nonlinear phase (B-integral), dispersion, or
changes in pulse shape from saturation [260], [267]. If the electric field peaks of two
orthogonally polarized pulses are misaligned in time due to an optical path delay or B-integral
phase shift, an elliptical polarization is produced for any phase difference that is not a multiple of
𝜋. Spatial variation of the difference between the two combined wavefronts would result in
spatially-varying polarization in the output and loss in coherent combination efficiency through a
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polarizer. Spatial losses evolve from differences in beam positioning, spot size, divergence,
pointing, and profile variations caused by gain saturation or small defects/scattering in gain
media [268]. Assuming no temporal/phase error in the combined output, spatial variations in
amplitude between the two orthogonal combined replicas changes the angle of the linear
polarization. Similar to spatial phase variation, spatial differences in amplitude can produce a
linear polarization whose angle varies spatially across the beam profile, resulting in loss through
the fixed angle of the output polarizer. Likewise, small differences in divergence may cause
small change to the combination efficiency, but they may be detrimental to the application if
propagation over a distance is required. Many of these losses can be avoided or minimized by
utilizing identical amplifier components/positioning, matched optical path lengths, and precise
alignment. Due to the stringent requirements on beam quality, repeatability, and stability, nearly
all DPA demonstrations to date have exploited Ytterbium-doped fiber laser systems or hybrid
fiber-bulk systems [262], [269]. There have been no DPA demonstrations with non-Gaussian
beams prior to this work, although complete recombination can be achieved if the replicas
remain identical in wavefront and energy distribution [270].
Irradiance-dependent effects such as gain saturation and nonlinear phase differences
dominate the combination losses in most DPA systems. The dependence of combination
efficiency on gain saturation and B-integral phase was analyzed numerically by Kienel et al. for
a Mach-Zehnder DPA configuration (Figure 2.31). Figure 2.31 shows that relatively high
combination efficiency can be maintained with either high B-integral or high gain saturation
level, but not both. This presents a problem for high intensity lasers, which often operate at high
82

saturation and high B-integral. Compensation of gain saturation is only possible for two pulses
divided in a Sagnac DPA configuration (Figure 2.32) without separation of the splitter and
combiner elements. If there is an even number of identical amplifiers in the Sagnac
interferometer loop, then two pulses can counter propagate a shared path with identical gain
saturation and a high combination efficiency (Figure 2.33). For horizontally-asymmetric seed
profiles and amplifier pump distributions, additional combination losses may result with a
Sagnac DPA configuration since the profile of one replica in horizontally inverted with respect to
the other when counter propagating though the amplifiers in the Sagnac loop.

b)

a)

c)

Figure 2.31: Simulation of the combination efficiency in a Mach-Zehnder, double-pass, passive
DPA system for a saturated pulse train as a function of the maximum B-integral Bmax and of the
total output pulse energy Eout normalized to the saturation energy Esat for a division into a) two,
b) four, and c) eight pulses. For three energies the saturated pulse train is shown above the plot
(red: p-polarized, blue: s-polarized)[266].
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Figure 2.32: Diagram of a Sagnac DPA configuration, where a quartz rotator is used for
thermal birefringence compensation of the two amplifiers.

a)

b)

c)

Figure 2.33: Simulation of the combination efficiency (color contour) in a Sagnac-style passive
DPA system for saturated counter-propagating pulses as a function of the maximum B-integral
Bmax and of the total output pulse energy Eout normalized to the saturation energy Esat for the
cases of a) two, b) four, and c) eight counter-propagating pulses. For three energies, the
saturated pulse train is shown above the plot (red: p-polarized, blue: s-polarized) [266].
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2.5.4

Active DPA

Partial compensation of saturation and B-integral effects that reduce the combination
efficiency can be achieved through active DPA. In active DPA, a single element no longer acts
as both the splitter and the combiner, as is the case for passive DPA (Section 2.5.2). In this way,
the energy can be appropriately divided between two replicas, pre-compensating for gain
saturation so that the energy of the two pulses at the output is equal, even in the case of high
saturation. The simulation in Figure 2.34 shows that while the energies of the two pulse replicas
at the output of a saturated amplifier chain are equal for relatively intense pulses, the
accumulation of B-integral phase is not. To compensate for saturation, the energy of the longestdelayed replica must be greater than the first (Figure 2.34a,b,c); as a result, the delayed replica
accumulates a higher B-integral phase from a higher initial energy (Figure 2.34d). This peak Bintegral phase difference between the two replicas can be compensated by a slight change of the
optical path delay in either the splitter or combiner. However, for pulse profiles with a nonuniform intensity distribution, such as a Gaussian, the variation of the B-integral across the
profile cannot be compensated. This would also be the case for a non-uniform energy/gain
distribution in the amplifier. If this distortion of the spatial phase profile (i.e. wavefront) due to
the B-integral does not match between the two replicas, or if the spatial energy distributions are
different, then the polarization across the combined profiles will vary from a linear polarization
at a fixed angle and increase coherent combination loss.
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a)

b)

c)

d)

Figure 2.34: Simulation of two pulses amplified to 450 mJ in an amplifier chain with 7 mm and
10 mm diameter Nd:YAG amplifier rods. a) Bar graph showing the energy in each pulse replica
after the splitter. b) Bar graph showing unsaturated amplification in the first 7 mm amplifier. c)
Bar graph showing how pre-saturation shaping of the relative energies in the splitter results in
equal pulse energies at the output of the saturated final 10 mm amplifier. d) Plot showing that
for relatively-equal replica energies out of the amplifier, there is a significant B-integral phase
difference between the two pulses.
The effect of gain saturation can be decreased by adjusting the HWP before each splitter
to reduce the energy difference between replicas after the final amplifier [260]. To make the
energy of each pulse replica equal at the output of a saturated amplifier, it is necessary to have
full control over the shape of the train. This becomes increasing difficult for more replicas given
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their number scales as 2N with the number of splitter stages N, where 2N -1 is the required of
degrees of freedom for arbitrary train shaping. Full control over the shape of a four-replica train
can be attained by the addition of an extra Mach-Zehnder shaping element which can dump some
of the energy of either the p- or s-polarized pulses [271]. For shaping eight pulses with three
splitter stages, four additional shaping elements would be needed to equalize the energy of the
amplified replicas. In this case, efficient combination may be reasonably limited to about four
replicas delayed in time. Additional energy scaling can be achieved through spatial multiplexing
with four temporally-delayed replicas in each channel [272]. Energy and power scaling will be
discussed in more detail in Section 2.5.8.
Since the combiner is spatially separated from the splitter in active DPA, the combination
efficiency (CE) becomes simpler to define and measure. The final polarizer in the combiner
spatially overlaps the pulses, but the percentage of the two pulses that are coherently combined
must be measured through an analyzing polarizer (Figure 2.35). The coherent combination
efficiency 𝐶𝐸 is defined below, where 𝐸𝑇 is the energy transmitted through the analyzer
polarizer and 𝐸𝑅 is the energy reflected from the polarizer.

𝐶𝐸 =

𝐸𝑇

( 2.41 )

𝐸𝑇 +𝐸𝑅

By this definition, the combination efficiency is limited by the transmission of the analyzing
polarizer for p-polarization (typically 95% to 98%). Coherent combination by reflection off of
the analyzing polarizer, while larger in value, does not yield an accurate combination efficiency
(or temporal contrast), since up to 5% of the incoherent light will be reflected along with the
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coherent s-polarized pulse. Degree of linear polarization (DOLP) is another measure utilized in
the characterization of DPA coherent combination:

𝐷𝑂𝐿𝑃 =

𝐸𝑇 −𝐸𝑅

( 2.42 )

𝐸𝑇 +𝐸𝑅

In comparing the system performance with DPA to that of a single pulse, the system efficiency is
more meaningful. The system efficiency 𝜂𝑠𝑦𝑠 is the ratio of the coherent combined energy 𝐸𝑇 to
the sum energy of all amplified replicas before the combiner 𝐸𝑡𝑜𝑡𝑎𝑙 . Therefore, the system
efficiency not only includes the combination efficiency above, but also the
transmission/reflectivity of all optics in the combiner 𝑇𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑟 .
𝜂𝑠𝑦𝑠 = 𝐸

𝐸𝑇

𝑡𝑜𝑡𝑎𝑙

= 𝐶𝐸 ∗ 𝑇𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑟

( 2.43 )
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Figure 2.35: Diagram of a Mach-Zehnder active DPA combiner and analyzer with polarization
beam splitters (PBS), where p- and s-polarized replica pulses are identified respectively by dot
and vertical arrow symbols.
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2.5.5

Active Stabilization

Along with the discussed advantages of active DPA over passive DPA (Section 2.5.4),
there is a trade-off in added system complexity. Since the splitter and combiner no longer share
the same interferometer delay, the leading replica pulse after the splitter must then be delayed in
the combiner by the same OPD as the trailing replica pulse in the splitter. The required precision
of the matched splitter and combiner OPD is related to the pulse duration, and in general should
be less than 1%. While wavelength-precision OPD is not necessary for overlap of the replica
pulses in time after the combiner, sub-wavelength active stabilization of that OPD against noise
fluctuations is required. For a 1064 nm laser pulse, a fluctuation of the path difference by 177 nm
produces a ~1 radian phase shift between the electric field peaks of the temporally-overlapped
replica pulses, resulting in a fluctuation of the coherent combination output by 50%. These
fluctuations can be minimized to < 1% by active correction of OPD with a piezo-mounted mirror
in either the splitter and/or combiner, with the piezo-electric actuator receiving a phase error
signal from a detector after the combiner. Sufficient noise stabilization can be attained with
feedback frequencies in the range of 10 Hz to 1 kHz since the largest amplitude noise
fluctuations are from low-frequency vibrations or temperature fluctuations [273], [274] (Figure
2.36). DPA is a form of coherent beam combination, so established methods for phase locking
can be utilized. Feedback from a Hänsch-Couillaud (HC) [273], [275] detector to a piezoelectric
mirror in each splitting interferometer has been the most common implementation in DPA,
although single detector methods such as LOCSET offer the ability to phase lock a large number
of replica pulses [276], [277].
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a)

b)

Figure 2.36: The noise power spectral density (PSD) measured with an oscilloscope on the
optical table of the high-energy OPCPA pump described in Chapter 4. The colored segments are
stitched together for several measured time intervals. a) The relative magnitude of noise without
active stabilization. b) Suppression of low-frequency noise using active stabilization.
The HC phase-locking approach requires the same number of detectors as interferometer
combiners in a DPA system. An HC detector consists of a QWP followed by a polarizer, where a
photodiode is placed at each polarizer output (Figure 2.37). The phase error signal from the
photodiodes, for small error, is proportional to the difference term (𝐻𝐶𝑠𝑖𝑔𝑛𝑎𝑙 ) of the two
photodiode outputs (𝐼1 and 𝐼2 ), where Δ𝜙 is the phase error between the combined replica
electric fields [273]. A proportional-integration-derivative (PID) controller reads the HC signal
and provides the appropriate phase adjustment through the piezo driver for the minimization of
phase error-related amplitude fluctuation in the output.
𝐻𝐶𝑠𝑖𝑔𝑛𝑎𝑙 = √𝐼1 ∙ 𝐼2 𝑠𝑖𝑛(𝛥𝜙)

( 2.44 )
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Figure 2.37: Diagram of Hänsch-Couillaud (HC) detector and electronics for an activelystabilized DPA system.
Another method frequently used for OPD active stabilization is Locking of Optical
Coherence by Single-detector Electronic-frequency Tagging (LOCSET) [276]. Although
implementation of this method is slightly more complicated than the HC method, LOCSET
allows locking of multiple channels with a single detector, which is advantageous for scaling to a
large number of DPA channels. In the case of multiple cascaded combiners, radio-frequency
(RF) tagging allows isolation of the phase error signal for one particular combiner stage from a
complex mixed phase error signal generated by all the combiners. RF tagging of the replicas is
accomplished by adding a small phase dither with a phase modulator in each splitter stage; the
phase dither is just large enough to detect, but small enough that the output stability is not
affected. Self-referenced LOCSET compares the phase error from all frequency-tagged replicas
to a single untagged reference replica [277]. The feedback signal for a single phase modulator is
produced by integration of the product of the mixed error signal and the RF tag frequency of the
selected modulator [278].
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2.5.6

DPA Design

Knowledge of DPA strategy and available techniques is necessary in the selection of a
DPA design that maximizes system performance. Factors such as type of gain medium, pulse
duration, transmission of optics, polarization contrast, space constraints, and damage threshold
should be considered in the selection of splitter and combiner architectures. The advantages and
disadvantages of the splitter/combiner designs in Figure 2.38 will become more apparent in the
subsequent discussion.
c)

b)

a)
QWP

PBS

Piezomirror

Piezomirror

HWP
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e)

d)

PBS

PBS

PBS
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QWP
HWP

PBS
PBS
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HWP

TFP
HWP

TFP
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HWP
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Piezomirror

Figure 2.38: An assortment of useful DPA splitter and combiner interferometer designs (a-f). A
half-wave plate (HWP) can be placed before or after each of these elements for use as a splitter
or combiner.
If using a birefringent gain medium, the splitter/combiner designs in Figure 2.38 can only
be used in two scenarios. First, the splitter/combiner designs can be cascaded where the final
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splitter/combiner is a passive Sagnac loop, which contains the birefringent amplifiers (Figure
2.39a). Second, the splitters can be cascaded with multiple delayed pulses, where the final split is
into two spatially-separated channels [272]. This allows a single linear polarization in each
amplifier channel, which can be combined with active stabilization of the two channels (Figure
2.39b). If the gain media type is intended for high power operation, then spatial multiplexing in
channels may allow higher average power performance [9]. Conversely, temporal multiplexing
to a large number of pulse replicas may be required for gain media with a relatively high
saturation fluence in order to achieve efficient energy extraction.
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Figure 2.39: Cascaded DPA designs suited for birefringent amplifiers. a) Passive Sagnac
configuration. b) Active 2-channel configuration.
Pulse duration is another important factor requiring consideration in DPA design.
Typically, pulses are delayed by at least twice their FWHM pulse duration to avoid overlap of
pulses in time in the amplifiers. Some applications have sought to utilize DPA to make a flat-top
pulse duration in time by delay of many pulse replicas by a small fraction of their pulse duration
[279], [280]. If a pulse duration is sub-picosecond, then the combination of CPA and DPA may
be needed to stretch near the saturation fluence [260]. Rather than using free-space delays, a
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difference in OPD can be generated between the ordinary and extraordinary waves in a
birefringent crystal. These crystals can be rotated and stacked to produce many replicas;
however, delays are limited to ~10 ps for reasonable crystal lengths [281]. Hybrid DPA systems
using birefringent-crystals and free-space-delays have been demonstrated [281], [282]. For
double-pass amplifiers, if the delay between replicas is longer than the round trip delay from the
double-pass amplifier to the folding mirror, then the first pulse may double-pass the amplifier
before the second pulse in the train can be amplified. This more significant difference in gain
saturation between the two pulse replicas will lead to a decrease in combination efficiency.
The overall transmission efficiency of splitter/combiner designs is a particularly
important factor for the combiner since this affects the overall system efficiency. The use of thinfilm polarizers (TFPs) can improve system efficiency (Figure 2.38d,e) since TFPs are
commercially available with transmission up to 99%, where most polarization beam splitting
(PBS) cubes transmit ~95% for p-polarization. On the other hand, reflection of s-polarization is
~99.5% for nearly all polarizers, but the polarization contrast in reflectivity is very poor,
considering that the 1% to 5% loss for the p-polarization is reflected along with the spolarization. A reasonable polarization contrast can be achieved from splitter designs which
allow each replica to transmit through a polarizer to take advantage of the high polarization
contrast for transmission (Figure 2.38a,d,e,f). While TFPs can exhibit higher transmission, there
is a trade-off in polarization contrast ratio: most TFPs are limited to a contrast of 300:1 or less,
while PBS cubes typically specify 1000:1 or 10,000:1 contrast for calcite polarizers. The use of
higher-contrast PBS cubes in the splitter (Figure 2.38a,f) can prevent amplification of poorly95

divided replicas which would decrease the temporal contrast at the output of the combiner. The
use of PBS cubes in a splitter/combiner can simplify geometry since s-polarization reflects at 45
degrees. The compactness of the splitter/combiner can impact the system footprint. Some
splitter/combiner designs limit the minimum OPD (Figure 2.38a,b,c,d,f), while a double-delay
arm design can provide the smallest-possible OPD (Figure 2.38e). There are many designs which
minimize the number of polarizers (Figure 2.38a,b), wave-plates (b,c), or mirrors (Figure
2.38a,c) which are required. To simplify the implementation of active stabilization via a piezomirror, a splitter design with a zero-degree folding mirror is advantageous (Figure 2.38a,d,f).
Instead of adding an additional Mach-Zehnder element after the splitter stages to compensate for
gain saturation in four temporally-delayed replicas [271], this element could be incorporated into
a splitter stage by the addition of an extra HWP to generate loss or one polarization (Figure
2.38d,f). Finally, damage threshold and aperture may be a concern for higher energy combiners.
In general, TFPs have higher damage thresholds than PBS cubes, but the real limitation is in
aperture scaling of PBS cubes, where TFPs are easily scalable to very large aperture (Figure
2.38d,e).
2.5.7

Enhancement Cavities

An alternative method to DPA energy scaling involves the stacking of a pulse train from
an oscillator using an enhancement cavity, which functions similar to a Fabry-Perot or GiresTournois interferometer (GTI) [283], [284]. No division of pulses is necessary since the pulses
straight from a low energy high repetition rate source can be stacked to increase the pulse energy
while decreasing the repetition rate of the enhancement cavity output. The length of the
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enhancement cavity should be resonant with the pulse train repetition rate and its frequency
comb spacing in the same way as a mode-locked laser cavity. Pulse energy is coupled into the
cavity from each pulse in the train through a partially-reflecting mirror, and constructive
interference allows the build-up of an energy-enhanced pulse in the cavity which can be switched
out by an electro- or acousto-optic modulator [285]. For a CW laser, the enhancement factor is
given by the finesse 𝐹 and depends on the input coupling mirror reflectivity 𝑅, where the value
of R is close to one [286].
𝜋𝑅

𝐹 = (1−𝑅)2

( 2.45 )
𝐹

𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝜋

( 2.46 )

For femtosecond pulses, the dispersion of mirror coatings and optical switches can limit
enhancement factors, but enhancement factors of a few orders of magnitude have been
demonstrated [287], [288]. Scaling the energy to the Joule-level with kW-level average power
has been proposed by the combination of CPA, DPA, and an external enhancement cavity in a
multi-channel Yb-fiber laser beam combination scheme [289]. However, implementation of the
proposed scheme relies upon cavity dumping technology that has not yet been developed (Figure
2.40).
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Figure 2.40: Proposed design for a multi-terawatt, 480 kW fiber laser system utilizing CPA,
DPA, and a stack and dump (SnD) enhancement cavity [289].
Another enhancement cavity method, which stacks pulses inside a low-finesse GTI
cavity, does not require an active cavity switch to eject an enhanced pulse. The first pulse in the
train is coupled into the GTI cavity through a partially reflective input/output coupler. After the
first pulse, subsequent input pulses are matched in energy and phase to the intra-cavity pulse
build-up so that destructive interference occurs at the output coupler and stored energy increases
inside the GTI cavity. The stored energy is ejected from the GTI cavity by the last pulse in the
input train, which has a 𝜋-phase shift so that all the stored energy can be constructively coupled
out of the GTI cavity. Amplitude and phase modulators shape the pulse train so that the
conditions for destructive/constructive interference are met for each input pulse (Figure 2.41).
Since the last input pulse must be equal in energy to the stored energy, enhancement factors
using this method are limited to ~2.5; however, cascading of multiple GTI cavities may provide
much higher total enhancement. Depending on the application, temporal contrast may be a
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concern since the first pulse does not interfere and a significant amount is rejected at the output
coupler tens of nanoseconds before the stacking-enhanced main pulse.

Figure 2.41: Experimental setup for a GTI coherent pulse stacking system, demonstrated with
femtosecond pulses (red text “fs EXP”) and nanosecond pulses (blue text ”ns EXP”). Elements
used in the GTI pulse stacking design include a band-pass filter (BPF), half-wave plate (HWP),
single-mode fiber amplifier, large-mode-area (LMA) fiber amplifier, chirally-coupled-core fiber
(CCC) amplifier, piezoelectric transducer (PZT) mirror, polarization beam splitter (PBS), and
acousto-optic modulators (AOMs)[290].
2.5.8

Power and Energy Scaling

In scaling DPA to higher average power, it is important to distribute the thermal load
spatially into parallel amplifier channels rather than temporally in a single amplifier. The small
quantum defect of ytterbium (Yb) combined with the large surface area-to-volume ratio for fiber
lasers makes Yb-fiber well-suited for DPA average power scaling. A record output power of 530
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W and 1.3 mJ pulse energy has been achieved by active combination of four spatiallymultiplexed channels with Yb-doped large-pitch fibers (LPF) [9].
In order to scale DPA to the Joule energy and kW average power, it has been proposed to
develop an enhancement cavity together with the DPA-combined output of >16 fiber lasers,
enabling simultaneous scaling of average power and energy [289]. In Chapter 4, an alternative
energy-scaling approach using flashlamp-pumped Nd:YAG rod amplifiers is demonstrated,
utilizing non-Gaussian beam profiles and pulsed pump configurations. While this approach is
limited to relatively low repetition rates, the laser technology is widespread, and single beamline
energy at the kilojoule-level has been demonstrated via Nd-doped phosphate glass amplifiers
[20,21]. Furthermore, the average power and overall efficiency of this approach could be further
improved by implementing large-aperture pulse diode-pumped solid-state amplifiers which have
recently reached the Joule level [22–24].
Efficient energy extraction is key for realizing DPA at the Joule-level and beyond.
Efficient energy extraction requires that amplifiers be operated well above the saturation fluence;
however, for picosecond pulses the damage threshold of most gain media is below the saturation
fluence. Due to its 4-level laser nature, Nd:YAG has a very low saturation fluence (~0.6 J/cm2),
compared to Yb-doped media (~10 J/cm2). The high gain of Nd:YAG also reduces the
accumulation of B-integral phase since less amplifier material is required to reach a particular
energy. In short, the properties of Nd:YAG, including accessibility, low saturation fluence, high
gain and non-birefringence, are well suited for high-energy DPA. This thesis demonstrates a
DPA-combined energy record of 5 J in a single 230 ps pulse (21.7 GW) combined from 8 replica
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pulses. As part of this work, the effects of gain saturation above the saturation fluence on DPA
combination efficiency were examined for the first time with picosecond pulses. This
performance also nearly matches the record combined peak power of 22 GW from a fiber hybrid
CPA and DPA system [10]. While stack and dump enhancement cavity approach is likely to
reach the Joule level with > kW average power with further development, the scalability of the
DPA approach in this thesis (Section 4.5) could be scalable to the kJ level with current
technology.
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3

ENGINEERING AND CONSTRUCTION OF A 10 TW CPA LASER
The construction of a 10 TW Ti:Sapphire laser [294], named the Multi-Terawatt

Femtosecond Laser (MTFL) has been recently completed. This development effort was
motivated by the goal of generating an array of ~100 laser filaments in air, requiring several
hundred mJ pulses with ~50 fs pulse duration. Arrays of filaments are interesting for microwave
guiding, and laser machining [48], [295]. The science of filamentation will not be discussed in
this work, but filamentation in air has been well reviewed by Couairon et al. [296], [297].
This project involved the upgrade of a pre-existing 300 GW laser. Due to the longer
required stretched pulse duration, the old stretcher and compressor were completely replaced and
new dispersion design management was implemented. The oscillator and 1st stage regenerative
amplifier with their corresponding pumps were relatively unchanged by the upgrade (Figure 3.1).
Two additional amplifier stages were added after the regenerative amplifier. An existing lamppumped frequency doubled Nd:YAG laser (Spectra Physics, Quanta Ray) was overhauled to
improve performance for pumping the pre-amplifier stage, while the final stage is pumped by a
new Continuum Powerlite 2 Joule (532 nm) laser. The remainder of this chapter will outline the
dispersion and amplifier design as well as discuss the upgraded facility features and
performance.
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Figure 3.1:MTFL system layout, also showing adjoining experiment table with laser outputs.
Amplifiers shown in red, pump lasers in green, and dispersive components in yellow.
3.1

Dispersion Management

To avoid damage to amplifiers while maintaining a high energy extraction efficiency, the
pulse from the oscillator is stretched to ~600 ps (350 ps after the final amplifier). A MATLAB
code was developed to accurately model (up to the 4th order) the total dispersion from all
material and other components including an Acousto-Optic Programmable Dispersive Filter
(AOPDF), stretcher, and compressor. The design and later optimization of the stretcher and
compressor were accomplished using this code (
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Figure 3.2).

Figure 3.2: Outputs from MATLAB dispersion management code.
The diffraction grating groove density of 1800 grooves/mm was selected to maximize
diffraction efficiency and minimize footprint. The sensitivity of the compressed pulse duration to
a variation of the grating incident angle away from the optimum angle was investigated for
gratings of different groove densities. Compressors with higher groove densities gratings are
more sensitive to changes in dispersion due to slight variations away from the optimum grating
incident angle, which are likely to occur over time requiring inevitable realignment. The grating
groove density was mismatched between the stretcher and compressor, with the grating
separation and incident angle adjusted to compensate up to 4th order dispersion [97]. The total
dispersion of all the components, except for the stretcher was fed into another optimization code
to choose the optimal groove density, incident angle, and grating separation for the stretcher to
best compensate all residual dispersion to obtain the shortest possible compressed pulse. Rather
than selecting an “optimal custom” 1356 gr/mm density grating, a standard 1400 gr/mm density
was purchased to reduce cost, since the Dazzler gives us the ability to compensate for dispersion
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errors with a maximum group delay of 3.5 ps. To minimize footprint and aberrations, an Öffnertype stretcher was chosen [81]. To further reduce size, the number of passes in the stretcher were
doubled and an image invertor was incorporated after half the passes which serves to reduce
spectral divergence and compensate for two dimensional pulse front tilt [298]. The Dazzler was
placed between the stretcher and regenerative amplifier so its inherent spatial chirp would not
introduce chromatic and other aberrations to our stretched pulse [299]. The output of the dazzler
is spatially chirped by the diffraction of spectral components by different parts of the acoustic
wave in the acousto-optic medium (Section 2.2.1.2).
Geometric ray tracing was simulated for both the stretcher and compressor designs to
determine the size requirements for gratings and mirrors to ensure full transmission of the
bandwidth, additionally to calculate the total footprint of the compressor on the optical table
(Figure 3.3a). In order to avoid damage to the gratings, the maximize beam size (minimize
fluence) was calculated using, another code, which plots angularly-chirped 2D Gaussian beams
to ensure the aperture of the second diffraction grating in the compressor does not result in loss
of significant bandwidth or transmission (Figure 3.3b).
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a)

b)

Figure 3.3: a) Ray tracing of the center wavelength and each bandwidth edge ray through a
Treacy pulse compressor, where the circle represents the inner wall of a vacuum chamber.
b) A two-dimensional plot of spatially chirped beam after reflection off the second grating.
3.2

Amplifier Design

The two additional multi-pass amplifiers, in bowtie configurations, were incorporated
into MTFL as part of the upgrade. The angles between each of the passes through the bowtie
amplifiers are minimized in order to maximize the overlap of the beams in the crystal at the
center of the bowtie. The 6-pass preamplifier is pumped by 500 mJ pulses at 532 nm and outputs
~140 mJ at 800 nm, while the final 3-pass amplifier is pumped by 2 J and outputs 725 mJ with
~1% rms energy stability for 500 shots.
The beam paths of the amplifiers were sketched (Figure 3.4). Fitting the system on a
single 5 m by 1.2 m optical table was challenging since the beam paths had to be folded multiple
times to avoid placement of mirrors too close to the high fluences near the beam waist and
simultaneously keep the relay imaging distances of all four pump beams fixed at the gain
medium location. The length of each bowtie amplifier was limited to 2 m to minimize the
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footprint, but still maintain good overlap of the seed with the pumped region of the Ti:Sapphire
crystal. The pump energy was evenly divided and then relay imaged to both sides of all the
amplifiers to ensure a more uniform distribution of energy in each gain medium. Additionally,
the image on one side of the pre-amplifier pump is inverted with respect to the opposite side to
compensate for a slightly higher energy distribution on one side of the pump profile. Initial
testing of the relay imaging setup revealed that when ramping the pump laser from low to high
energy the change in the focal position in the relay image arm varied largely (> 0.5 m) due to
thermal lensing in the Quanta Ray. To avoid damage in the relay imaging arms due to this
extreme thermal lens change in the pump laser, a timer circuit was engineered to intercept the Qswitch trigger signal and prevent lasing until the flash-lamps were running near full voltage for
10 seconds.

Pump
Laser

Pump
Laser

Figure 3.4: Scaled drawing of the amplifiers and relay-imaged pump beam path design.
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Initially, we experimented with a spare 9.5 mm diameter Brewster-cut crystal, with a
projected aperture of 4.7 mm in the horizontal plane due to Brewster’s angle. The uncoated
surfaces were able to withstand much higher fluences associated with relatively small pump and
signal beam diameters, however we found the higher gain per pass reduced beam quality and the
high output fluence prevented reliable operation away from turning mirror damage thresholds.
To model the effect of gain saturation on the beam profile Joshua Bradford improved an
amplifier model, originally developed by Andreas Vaupel and Melody Carlson. Our amplifier
simulation is based on the Frantz-Nodvick model [107] and assumes a perfect Gaussian seed and
flat-top pump beam, where the stored fluence or energy density in the crystal was reduced after
each pass. The spatial distribution of stored energy has an effect on gain saturation and output
beam shape (Figure 3.5).
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Figure 3.5: The right plot estimates the energy per pass modeled for the final amplifier. The left
shows the change in profile shape with each pass, for a flat-top pump and Gaussian seed profile.
Directed by this amplifier model, we specified the desired pump and seed beam
diameters, and the pre-amplifier was optimized for higher gain and beam quality. The final
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amplifier was optimized for high extraction efficiency above the saturation fluence. Each
amplifier is seeded with a beam diameter smaller than the pumped region, in which the
divergence is carefully set so that the accumulated thermal lens from each pass leaves is adjusted
such that the output beam is collimated, saturated and overlapped well with the pumped region.
AR coated Ti:Sapphire crystals from Crystal Systems Inc, with 10 mm and 16 mm diameters
were used respectively in the preamplifier and final amplifier. With the final amplifier operating
at twice the saturation fluence, the extraction efficiency is 38%. At the maximum output energy
of 725 mJ, the profile exhibits a ring structure modulation due to overfilling the 16 mm crystal
aperture (Figure 3.6a). As shown in Figure 3.6b, the beam quality can be improved at the
expense of energy by reducing the beam size in the final amplifier with respect to the crystal
aperture. We know that our application is sensitive to beam quality, but this has not yet been
quantified.
Experiments are currently being developed to characterize the effect of spatial
modulations in the beam profile on multi-filamentation. It was determined that future scaling of
the final amplifier crystal to >20 mm diameter would alleviate the effects of diffraction in the
final beam profile, if the current beam quality is insufficient.

109

a)

b)

Figure 3.6: a) Modulation in the vertical profile for an 11 mm beam with 725 mJ from final
amplifier. b) Profile improvement by reduction of beam diameter to 9 mm with 300 mJ.
Spectral filtering via a Dazzler significantly reduced the effect of gain narrowing in the
amplifiers, which can limit the shortest possible compressed pulse duration. A feedback loop was
implemented between the spectrometer and Dazzler which determined the optimum spectral dip
to maximize the amplified bandwidth. This spectral filtering provided approximately twice the
amplified bandwidth when compared to the case of uncompensated gain narrowing.
3.3

Facility Features and Performance

The MTFL facility includes a monitoring system with cameras and photodiodes installed
at multiple locations in order to record and monitor the system performance. Emergency stop
buttons are located around the laser enclosure so that laser operation could be quickly shut-off
should the monitoring system indicate a potential problem. Air filtration systems and an
enclosure have been installed to mitigate dust to protect the system components and confine stray
light. The system has multiple outputs with minimum compressed pulses of <40 fs in order to
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support different experimental conditions: ~2 mJ at 1 kHz, 15 mJ at 10 Hz, 70 mJ at 10 Hz, and
470 mJ at 10 Hz.
The maximum compressed energy, when efficiently distributed, is sufficient for
generation 100 filaments, and evidence of >50 filaments can be seen in an experimental burn
pattern generated at less than half the maximum energy (Figure 3.7c). This laser was designed so
that the whole system, including the enclosures and three pump lasers, rests on a single 5 m by
1.2 m optical bench, with access to an indoor 10 meter and 50 meter propagation ranges. A
similar laser system is currently being developed for use at an open air laser range at the
Kennedy Space Center for >1 km propagation experiments.

Figure 3.7: Profiles from compressed outputs after the preamplifier and final amplifier: a) 70 mJ
~40 fs, b) 470 mJ chirped to 500 fs, c) filament burn pattern at 5 meters distance from high
energy output attenuated to 212 mJ with 45 fs pulse duration.
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Figure 3.8: Picture of primary laser enclosure and opened secondary enclosure equipped with
air filtration system. Monitor system displays are visible above the secondary enclosure.
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4

DESIGN AND CONSTRUCTION OF A HIGH ENERGY PICOSECOND
PUMP FOR OPCPA
An initial design for a high energy OPCPA system was made by Vaupel et al. [218] with

the goal of achieving high energy quasi single cycle pulses via OPCPA with a peak power of 20
TW. As part of an initial proof of concept experiment, 160 mJ of the required 2 J pump energy
was demonstrated. In order to maximize pulse energy, this system utilizes lamp-pumped
amplifiers from a pre-existing Cr:LiSAF CPA system [300] and a Q-switched Nd:YAG laser
used for extreme ultra-violet (EUV) generation [301]. The architecture of this system follows the
design of our high average power HERACLES system [135], [217]. Following a description of
the front-end and OPCPA design, the development of a novel pump architecture is described
which exploits Divided Pulse Amplification (DPA) to increase the output energy to 5 J at 1064
nm and anticipated OPCPA output to 50 TW (250 mJ, 5 fs).
4.1

High Energy OPCPA System Design

The front-end of the OPCPA system is an octave-spanning 5 fs oscillator (IdestaQE
Octavius 85M). In addition to providing a seed for OPCPA, the pump amplifier chain is seeded
by a small portion of the oscillator bandwidth at 1064 nm to provide precise temporal
synchronization between the pump and the signal in the OPAs (Figure 4.1). A grating-prism
(Grism) stretcher is used to compliment the normal dispersion of bulk SF57 glass [182], [302],
and a Dazzler aids in compensation of up to 6 ps of group delay across the full bandwidth
(Figure 4.2). The Grism stretcher adds two extra degrees of dispersion tuning over a normal
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grating stretcher, i,e the prism material and apex angle. The AR-coated glass compressor
enables low compression losses compared to the ~25% that is lost in a typical grating pulse
compressor.

OPCPA Stages

Few-cycle
Ti:Sapphire
Oscillator

Grism

Nd:YAG Laser
5 J, 100 ps, 5 Hz

AOPDF
(Dazzler)

OPA 1

OPA 2

SHG
THG

Pump Beam Generation

OPA 3

OPA 4

Bulk
Glass

50 TW
250 mJ
5 fs

Figure 4.1: OPCPA design for quasi-single cycle high energy OPCPA system, utilizing DPA in
the higher energy Nd:YAG pump source.

Figure 4.2: Grism pair stretcher (left), Dazzler AOPDF (center), and bulk glass compressor
(right) contained in the LPL Heracles OPCPA laser system.
Overall, the dispersion design for PhaSTeUS is very similar to the HERACLES laser
except that the bandwidth is extended by pumping alternating OPAs with the third harmonic
(TH) of Nd:YAG in addition to the second harmonic (SH). This two-color pumping technique
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has been demonstrated previously by Herrmann et al. [193]. Andreas Vaupel modeled the
amplified bandwidth for two-color pumping the high energy OPCPA system in Figure 4.3.
Additionally, the dispersion management was simulated to determine the required parameters for
the Grism stretcher and bulk glass compressor, to confirm that the Dazzler is capable of
compensating the remaining < 6 ps group delay [140]. Figure 4.4 shows the system dispersion
design, where the residual group delay is plotted for different apex angles in the Grism stretcher
with fixed dispersion from all other system components.

Figure 4.3: Non-collinear OPA simulation illustrating how the greater amplified bandwidth from
two-color pumping (left) allows for a reduced compressed pulse duration compared to singlecolor pumping (right).
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Figure 4.4: Residual group delay that the Dazzler needs to compensate for variable Grism
angles.
Taking into account the OPA efficiency and the conversion to SH and TH from 1064 nm, a
pump pulse energy of ~5 J is required to reach an OPCPA output of 250 mJ with < 5 fs pulse
duration. Efficient extraction of this energy from the final 19 mm diameter final amplifiers is
limited to ~ 1.5 Joule by the damage threshold, since the pump pulse duration needs to be
slightly longer than the < 100 ps stretched pulse duration in the OPA. Generally, the most
challenging aspect of OPCPA is the development of a high-quality high-energy picosecond
pump source.
4.2

DPA Pump Design and Simulation

Since the Nd:YAG amplification bandwidth is generally too narrow for the practical
implementation of CPA (~20 m grating separation for CPA), the application of divided-pulse
amplification (DPA) is particularly useful in enabling artificial stretching of the pulse duration
for efficient extraction of energy above the saturation fluence beyond the single pulse laser
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induced damage threshold and the nonlinear B-integral threshold (Section 2.5). The pump
duration of 230 ps necessitates that the peak irradiance be lowered by a factor of ~8 to maximize
energy extraction in our amplifiers and avoid B-integral phase > 2 radians. Therefore, the pump
design has been modified to amplify and coherently re-combine 8 pulses, to a single pulse with
~5 Joules (Figure 4.5). The oscillator and diode-pumped regenerative amplifier are similar to the
HERACLES [217] system except that the repetition rate is 2.5 Hz rather than 3 kHz. A volume
Bragg grating (VBG) placed in one end of the cavity narrows the bandwidth to ~10 pm yielding
a 230 ps transform-limited pulse with 0.4 mJ upon cavity-dumping from the regenerative
amplifier. Two pulse-splitting stages produce a train of 4 pulses which are amplified to ~25 mJ
by two inline 7 mm diameter amplifiers. These 4 pulses are then split into 8 pulses divided into 2
identical amplifier channels, each consisting of a double-pass 10 mm diameter amplifier and two
inline 19 mm amplifiers. The 10 mm diameter amps boost the total energy for pulses in both
channels to ~900 mJ, and the final amplifier stage yields ~8 J. When all 8 pulses are coherently
combined to a single pulse the anticipated combined pulse energy is 5 J at 1064 nm. Second and
third harmonic generation stages then are expected to generate 1.7 J at 532 nm and 0.9 J at 355
nm, to pump multiple OPA stages. The 19 mm diameter amplifiers were purchased from
Continuum for their high gain and stored energy, which is required for the large jump in energy
from the output of the 10 mm amplifiers.
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Figure 4.5: Pump design utilizing DPA and coherent combination of 8 replicas each with 230 ps
pulse duration.
The pulse division, amplification and coherent combination is carefully simulated using
an array of Jones matrices to represent the polarization as well as the phase and energy of each
temporally multiplexed pulse (Section 2.5.2). This polarization and phase information is carried
through the amplification stages along with the accumulated nonlinear phase in order to
accurately model the effects of gain saturation and B-integral for our active DPA design. Only
the peak B-integral of each pulse in the train is calculated in this model. Future improvements to
the simulation will take into account one and two-dimensional distortion of the phase across the
profile of each pulse replica due to B-integral phase accumulation during amplification. The code
calculates the combination efficiency after simulating gain saturation and B-integral through all
the amplifiers. The code outputs several plots showing the energy and peak B-integral of each
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pulse in the train of replica pulses through each of the amplifiers (Figure 4.6). Note how the
pulse trains in the two plots below are mirrored because the first pulse enters the 19 mm
amplifier as the least energetic and exits as the most energetic (Figure 4.6b), this provides the
best balance for gain saturation across the pulse train results and minimizes the difference in Bintegral between all the pulses since the majority of the B-integral phase is acquired in the final
amplifier.

Figure 4.6: These two plots show the amplification in the final two amplifiers, where each set of
4 pulses in the a) 10 mm amplifier and b) 19 mm amplifier plots are actually contained in the
same diameter amplifier, but spatially isolated in a second parallel channel (Figure 4.5).
Additionally, the simulation provides the half waveplate orientations in each splitting
stage for either minimum B-integral phase variation across the output pulse train or minimum
pulse energy difference (Figure 4.7). Experimentally, the half waveplates in the combiner stages
are optimized for best polarization combination after a polarizer. It was determined that
optimizing for B-integral difference gives ~40% more combined energy compared to optimizing
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for energy difference. In practice it would be extremely difficult to detect B-integral phase
difference in situ, but this model can serve as a guide to obtain the appropriate output pulse train
shape to minimize B-integral phase difference (Figure 4.7a).

Figure 4.7: a) In this plot B-integral phase difference across the pulse train has been minimized,
where the pulse energy is not. b) When the simulation is told to minimize the difference in pulse
energy across the pulse train the resulting differences in B-integral are severe, and cause a poor
combination efficiency of < 40%.
The division/recombination elements can be implemented in multiple geometries. When
modeling each of the elements with Jones matrices, it was discovered that the phase/polarization
coding across the delayed pulse train of some of the splitting and combining elements does not
match and therefore different division/recombination elements cannot be arbitrarily paired
together.
The DPA simulation code was written to be modular, where division/recombination
elements (type and delay structure), amplifier geometries (i.e. double-pass, single-pass, 1
channel, or 2 channel), and many other properties could be quickly altered and/or rearranged.
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This enabled testing of many different permutations of all the amplifiers and possible DPA
architectures. Since the degrees of freedom necessary for compensation of gain saturation
increase dramatically for delayed pulse trains with >4 pulses, two spatially-divided parallel
amplifier channels are used to reach our goal of ~8 times decreased peak power. The final design
of the amplifier chain architecture was determined from the best DPA performance calculated by
the simulation and expected implementation simplicity (Figure 4.5). The simulation showed that
minimum cumulative B-integral could be obtained when pumping the final amplifiers at
maximum voltage while the preamplifier was pumped at 70% of its maximum voltage.
Calculations also included a 2/3 reduction in B-integral from the use of circular polarization,
instead of linear polarization, in each amplifier [303].
4.3

Sub-Joule Level DPA Prototype

This first prototype DPA demonstration using a flashlamp pumped Nd:YAG amplifier
chain with active phase stabilization has been accomplished via a co-propagating continuouswave (CW) laser. A record combined pulse energy of 167 mJ (527 mJ equivalent) is achieved
with 230 ps pulse duration, as well as demonstrating DPA well above the gain saturation fluence
for the first time. The Nd:YAG DPA system (Figure 4.8) is seeded at 1064 nm by a portion of
the energy from an octave-spanning Ti:Sapphire oscillator, to ensure optical synchronization
with a future high energy Optical Parametric Chirped-Pulse Amplification (OPCPA) system. The
seed spectrum is filtered by a narrow bandwidth Volume Bragg Grating (VBG) inside an
Nd:YAG regenerative amplifier in order to adjust the transform-limited pulse duration to 230 ps
with an amplified energy of 0.3 mJ [134]. A double-pass 6-mm diameter amplifier is separated
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from the regenerative amplifier by a Faraday isolator. The 8 mJ output from the double-pass
amplifier is divided into two replicas separated by a time delay of ~750 ps. In order to minimize
back reflection to the double-pass amplifier, the Mach-Zehnder-type pulse splitter includes an
extra Thin Film Polarizer (TFP) before the zero-degree piezo-mounted mirror utilized for active
stabilization. Transmission through the extra polarizer not only improves the polarization
contrast of the reflected replica from the first polarizer, it also minimizes back reflected energy to
~0.5% since backward propagation requires transmission back through the same polarizer with a
200:1 polarization contrast ratio.
Next the two-pulse replicas are amplified in series through one 7 mm and two 10 mm
diameter lamp-pumped Nd:YAG rods to a total energy of 625 mJ. Due to the aperture and
damage threshold limitation imposed by the 14 mm by 28 mm rectangular TFPs in the pulse
combining stage, the energy in the combiner was limited to ~200 mJ. Hence ~70% of the total
energy was directed to a beam dump through a beam splitter prior to pulse re-combination. The
design of the high energy pulse combiner eliminates folded paths so as to avoid back reflection,
since there is no way to isolate between the high gain amplifiers and the combiner without
division of the orthogonally polarized replicas into spatially separated channels. The unique
design of the pulse combiner maximizes system efficiency with the use of high transmission
(>98%) TFPs and mirrors with all s-polarized light at 45-degree incidence. Each replica is
transmitted through a single polarizer to enhance polarization contrast before coherent
combination. This design is well suited for energy scaling DPA to the Joule-level and beyond
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since TFPs are more cost effective than polarization beam splitting cubes and can be designed
with higher damage threshold, larger aperture, and higher transmission (Section 2.5.6).
In order to actively stabilize the optical path difference (OPD) of the replica pulses, the
error signal from a Hänsch-Couillaud (HC) detector [275], [304] is fed back to a zero-degree
mirror mounted to a piezoelectric transducer in the reflected path of the pulse splitter. Since
direct measurement of the amplified pulses at 2.5 Hz places a hard upper limit on the noise
frequencies that can be suppressed, we chose to stabilize the OPD using a co-propagating CW
beam. By injecting a CW 1064 nm laser into the pulsed beam path from a polarizer just before
the splitter (Figure 4.8), two beams share the same divided paths through to the combiner; thus
feedback from one of the lasers can stabilized the OPD for both. Since the polarization of the
CW beam before the splitter is orthogonal to the pulses, the final combined CW output will be
reflected at the analyzer while the combined pulses are transmitted. Sampling of the beam is
accomplished with an AR coated wedge placed just after the beams are combined but before the
analyzing polarizer. The sampled beam is sent to the Hänsch-Couillaud detector consisting of a
QWP followed by a polarizer with a photodiode at each output (Section 2.5.5). The difference
signal from the photodiodes is fed into a proportional-integral (PI) control loop in LabVIEW. An
Arduino Uno circuit is used to read the photodiode signals into LabVIEW and generate a pulsewidth-modulation (PWM) output signal, which is low-pass filtered before amplification by the
piezo-mirror driver circuit. While the PI control in LabVIEW is limited to a 1 ms loop time, we
have found that we can effectively suppress the high-frequency noise by minimizing the
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coupling of vibration sources to the optical table. The remaining low-frequency noise can then be
compensated by the PI loop and piezo mirror (Figure 4.9).
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Figure 4.8: Design of a flashlamp-pumped Nd:YAG DPA system actively stabilized by CW laser
feedback to a Hänsch-Couillaud (HC) detector.
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Figure 4.9: Phase fluctuation measured in the combined output over 60 second a) CW freerunning, b) pulsed free-running, c) CW phase-locked, d) pulsed while phase-locked from CW
feedback.
Without active stabilization the output fluctuates by > 40 % due to phase errors > 1 rad
(Figure 4.9). Active stabilization using the CW beam reduces the amplitude of phase fluctuations
in the pulsed output to ~90 mrad rms (Figure 4.9d), corresponding to an energy fluctuation of 0.4
% rms since the output of an interferometer is related to the cosine function [273]. An rms phase
error of 58 mrad was measured over 60 seconds for the CW beam, corresponding to a power
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fluctuation of less than 0.2 % rms (Figure 4.9c). This fluctuation is acceptable since most
commercial flashlamp pumped Nd:YAG lasers specify energy stabilities of greater than 1 %
rms.
Given that perfect pulse recombination requires identical replicas, variations induced by
non-uniform B-integral, gain saturation, and other effects in the amplifiers degrade combination
efficiency at high intensity and fluence. The combination efficiency was plotted with respect to
the total fluence of the two replica pulses in Figure 4.10. A record combined energy of 167 mJ
was achieved for a 230 ps pulse with a max amplifier fluence ~3 times the saturation fluence
(~0.6 J/cm2) (Figure 4.10). Since ~70 % of the energy is dumped just before the combination
stage (Figure 4.8) the total equivalent combined energy is 527 mJ. Combination efficiency up to
94% was measured for pulses at half the saturation fluence, corresponding to an equivalent
combined energy of 134 mJ and the combination efficiency dropped to 84% at the maximum
output corresponding to three times the saturation fluence. The combination efficiency was
measured by the ratio of the energy after the analyzing polarizer to the sum energy of the pulses
just before the polarizer. If the scattering loss of the polarizer is assumed to be negligible, this
measurement is equivalent to the ratio of energy transmitted to sum energy of both polarizer
outputs. The system efficiency at max energy is 78.4%, including the combination efficiency as
well as the transmission losses and signal lost due to depolarization during amplification.
Optimization of the combined output with increasing amplifier pump required adjustment
of the HWP after the combiner to compensate for the change in energy distribution between the
two picosecond pulses due to saturation. The B-integral associated phase difference between the
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pulse replicas changes with increased amplifier gain and must be compensated by slight
adjustment of the QWP in the HC detector. This adjustment of the QWP starts to change the
difference signal to the HC detector photodiodes, however the PI control immediately responds
by shifting the piezo-mirror (and changing the OPD) in order to maintain the original difference
signal between the HC photodiodes. The difficulty in optimization of these and other parameters
with an energy stability of ~3 % rms may account for the variance in the combination efficiency
trends with increasing amplifier fluence.
In an attempt to isolate and quantify the fraction of combination efficiency loss primarily
due to B-integral variation across the spatial profiles of the two recombined pulses, the fluencedependent combination efficiency for the 230 ps pulses is compared to that of the 10 ns pulses,
which were generated from the un-seeded regenerative amplifier operating in cavity dumped
mode. Since the B-integral accumulation for 10 ns pulses at these fluences is small, the
additional loss in combination efficiency for 230 ps versus 10 ns pulses is largely due to Bintegral effects and differences in saturation between the two temporally separated pulses (Figure
4.10).
To maximize energy extraction, the seed beam profile overfills both the 10 mm diameter
Nd:YAG amplifiers and the resulting non-Gaussian beam profile was relay imaged to the pulse
combiner. Asymmetry in the seed profile and diffraction in both 10 mm diameter amplifiers
results in a complex beam profile (inset Figure 4.10). It is important to note that a combination
efficiency of 84% can be obtained at high energy for a beam with significant saturation and
diffraction effects, and a calculated peak B-integral value of ~1.4 radians.
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Figure 4.10: For 10 nanosecond and 230 picosecond pulses the combination efficiency is
recorded versus the sum fluence of two replica pulses at the output of the final amplifier. Insert
shows the combined 230 ps beam profile.
In summary, a record combined energy of 167 mJ (527 mJ equivalent) was obtained from
the first ever demonstration of DPA in a flashlamp pumped amplifier system. A method to
extend the benefits of active DPA to low-repetition rate/high energy lasers is presented, which
utilizes a secondary co-propagating CW laser to actively stabilize DPA for the pulses, with
negligible effect on the energy stability. Additionally, novel pulse splitter and combiner designs
are demonstrated which provide minimal back-reflected energy, high transmission, and the
added capacity of scaling to large aperture. The potential for DPA performance beyond the
Joule-level is illustrated in the demonstration of 84% combination efficiency for two pulses at
three times the gain saturation fluence of Nd:YAG. Similar combination efficiency is expected
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when scaling to larger aperture and energy, assuming the same level of amplifier saturation.
Further scaling is possible by increasing the number of temporally delayed pulse replicas and/or
utilizing parallel amplifier channels.
4.4

Experimental Analysis of Passive and Active DPA Designs

In order to analyze and compare the potential of several passive and active DPA schemes
in a flashlamp pumped amplifier system operating above the saturation fluence with combined
energy > 100 mJ, experiments were conducted with several two-pulse divided amplification
setups using the same amplifiers similarly arranged on an optical bench. With only slight
alterations to a few optics, several DPA techniques were demonstrated including: two pulses in a
passively-stabilized Sagnac configuration (Figure 4.11), two pulses actively-stabilized in a
single-pass amplifier line (Figure 4.13), and four pulses in a new hybrid passive/active
configuration (Figure 4.15). A regenerative amplifier and double pass amplifier were seeded with
a portion of spectrum from an octave spanning Ti:Sapphire oscillator. The pre-amplified pulse
was split into multiple pulse replicas via passive, active, or hybrid (passive/active) DPA in order
to reach an output energy above the single-pulse damage threshold in the final 19 mm amplifiers
for each experiment below.
To implement passive DPA for the first experiment, the active DPA splitter was bypassed
by rotating the HWP before the two TFP’s in Figure 4.11. There were four 19 mm amplifiers
placed in the Sagnac interferometer splitter/combiner. The trends of combination efficiency
versus amplifier fluence were plotted for 10 ns pulses and 230 ps pulses (black and red trends
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respectively in Figure 4.12). In these first measurements, the 19 mm amplifiers were not utilized.
The amplifier fluence was increased by increasing the pump from the 7 mm and 10 mm preamplifiers. Reduced combination efficiency was observed for the 230 ps pulses due to the high
B-integral accumulation through all four inactive 19 mm diameter (110 mm long) amplifier rods,
while the 10 ns pulses maintained the same combination efficiency at all fluences. The next set
of measurements involved trending the combination efficiency with increasing fluence while
pumping different numbers of 19 mm diameter amplifiers. The 7 mm and 10 mm pre-amplifiers
remained inactive during the rest of these measurements. The quickest drop in combination
efficiency occurred when only pumping a single 19 mm amplifier in the Sagnac (blue trend in
Figure 4.12). This poor combination efficiency results from non-symmetric B-integral phase
accumulation for the two counter propagating pulses, causing the combined pulses to move
quickly out of phase with each other. The trends involving pumping of two and four amplifiers
performed better since the gain and B-integral accumulation was more symmetric (green and
purpule trends respectively in Figure 4.12). The pump voltage of all the active amplifiers in each
experiment were ramped up simultaneously. The four amplifier case started at a lower
combination efficiency and dropped off at nearly the same rate with increased amplifier fluence
compared to the two amplifier case. The lower combination efficiency for the four pulse case
was likely due to increased Kramers-Kronig effect [267] or vibration of the amplifiers. A
vibration pulse can be felt in the cooling water hoses each time the lamps flash, due to thermal
shock.
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Figure 4.11: Sagnac interferometer passive DPA configuration with two counter-propagating
pulses.
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Figure 4.12: Passive DPA combination efficiency versus sum fluence of the two pulses counter
propagating in a Sagnac interferometer containing four identical amplifiers. Combination
efficiency for 10 ns duration pulses with no amplifiers pumped (black), 230 ps pulses with no
amplifiers pumped (red), 230 ps pulses with one amplifier pumped (blue), 230 ps pulse with two
amplifiers pumped (green), and 230 ps pulses with four amplifiers pumped (purple).
In converting from the passive DPA setup to the active DPA setup, the HWP is rotated to
45 degrees before the Mach-Zehnder to form a pulse train in time of two replica pulses separated
by a delay of 850 ps, the polarizing beam splitter (PBS) is removed from the passive Sagnac loop
to allow the two pulses to take the same path through the 19 mm amplifiers before recombination with a matched OPD Mach-Zehnder combiner. The cw 1064 nm laser was also
utilized to actively phase-lock the two interferometer path length (as described in Section 4.3).
Only two of the four 19 mm amplifiers were pumped in order to reach the maximum fluence at
which a combination efficiency of 83% was obtained. At lower fluence the combination
efficiency of 93% was similar to the result for the passive case using two 19 mm amplifier, while
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at higher fluence the combination efficiency dropped to match the four-amplifier passive DPA
result.
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Figure 4.13: Actively-stabilized DPA with two pulses in a single pass amplifier chain.
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Figure 4.14: Active DPA combination efficiency versus sum fluence of the two replicas pulses.
A hybrid DPA architecture was demonstrated for the first time incorporating both the
passive and active DPA techniques. Two pulses are first split in an active DPA splitter, then
again into a passive Sagnac interferometer with a total of four pulses spatially and temporally
divided. The four pulses are recombined into two pulses at the output of the Sagnac loop, then
again into a single pulse with an actively phase-stabilized combiner. This architecture is
especially useful for amplification in birefringent gain media. Additionally, the limitation of
active DPA to four temporally divided replicas by the reduced pulse train shaping degrees of
freedom (Section 2.5.4), can be increased by a factor of two by splitting the four pulses to eight
in a passive Sagnac geometry were each set up pulses would have equal gain for a balanced
number of amplifiers. As expected the combination efficiency for four pulses in the hybrid DPA
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trend started lower than both the two-pulse passive and active combination efficiencies. Even at
much higher total fluence of 1.6 J/cm2, a 79% combination efficiency was achieved for four
pulses. This performance demonstrates the scalability of DPA with high-energy flashlamppumped amplifier chains.
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Figure 4.15: Four-pulse DPA with hybrid passive/active stabilization.
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Figure 4.16: The total combination efficiency of four pulses combined to a single pulse is plotted
vs sum fluence of the replicas in their final amplifiers for the hybrid passive/active DPA
demonstration.
4.5

Final Design and Construction of a 5 Joule 230 ps Pump for OPCPA

Through the prototype demonstration and the experiments with alternative DPA schemes,
the original design was altered slightly. This section will discuss some of the updates to the
system after the prototype demonstration and present the final performance of the high energy
OPCPA pump.
4.5.1

Regenerative Amplifier

The original regenerative amplifier design features a volume Bragg grating (VBG) end
mirror which sets the pulse duration at the output of the regenerative amplifier by the number of
round trips and spectral selectivity of the VBG. Our initial VBG had a diffraction efficiency of
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68% for a 50 pm FWHM bandwidth, and resulted in a 230 ps output pulse duration, measured by
a streak camera (Figure 4.17). An OPCPA pump pulse duration of 80 to 100 ps is desirable to
overlap with the dispersion designed seed pulse duration in the OPA crystal. A new VBG was
selected with a 98% diffraction efficiency and a 140 pm spectral selectivity. A new regenerative
amplifier design was required which allowed two bounces on the VBG in order to achieve the
desired pulse duration in the number of roundtrips in the regenerative amplifier. Unfortunately,
the VBG did not perform as expected and the pulse duration actually increased for some
roundtrips before it began to decrease. The new VBG is still under investigation, so the
remainder of the high energy OPCPA pump will be constructed with the 230 ps pulse duration
from the original VBG.

Figure 4.17: Streak camera trace of the 230 ps pulse duration from the regenerative amplifier.
The vertical scale is pulse duration in ns while the horizontal scale is the slit width in nm.
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4.5.2 Updated DPA Design
The general design of the final pump system for OPCPA was altered to be more similar
to the hybrid DPA setup, described in the previous section, in order to improve phase locking
stability and reduce the system size (Figure 4.18). In an experiment with active DPA in two
spatially separated amplifier channels, active stabilization was easily achievable and stable for
hours, when the amplifiers in the two channels were inactive or un-pumped. However, phase
stabilization typically only lasted for between a few minutes to 15 minutes at the most when the
amplifiers were operated at moderate to maximum pump voltages. While the new DPA design
still has spatially separated and actively-stabilized paths, polarizers are used to combine the two
paths for a distance in order to share paths while crossing opposite directions through all four 19
mm amplifiers, similar to a Sagnac geometry (Figure 4.19 and Figure 4.20). The shared path
through the amplifiers improves the phase stability, and long term drift is minimized by
incorporating a new piezo element with twice the free-stroke range. An additional benefit of this
geometry is that each channel can pass through all four 19 mm amplifiers instead of only two per
channel. This higher gain reduces the number of amplifiers that are needed to seed the final
amplifiers, decreasing the complexity and footprint of the system.
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Figure 4.18: Original DPA design (above) and new hybrid-inspired DPA design (below),
featuring counter-propagating paths through the final amplifiers.

Figure 4.19: Final amplifier stage with counter-propagating paths, relay-imaging between two
pairs of 19 mm-diameter amplifiers (white boxes), and pre-amplifier isolation (red components).
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Figure 4.20: Detailed drawing of counter-propagating paths through the final amplifier stage.
In this new counter-propagating shared-path amplifier geometry, feedback of depolarized
light from the 19 mm diameter amplifiers will be blocked by an isolator (Figure 4.20). Since the
beam size is much smaller at the isolator, feedback of ~15 % depolarization loss could be
sufficient to damage the Faraday isolator. While the flashlamp amplifiers do not operate at the
very high average power, thermal birefringence effects can decrease amplifier performances.
With all four 19 mm amplifiers operated at maximum pump voltage, the depolarization loss after
transmission through a polarizer was measured to be ~7 %. With the insertion of a quartz rotator
in the middle of the four amplifiers, depolarization loss was decreased to 2 % (Figure 4.21).
Compensation of thermal depolarization not only increases laser performance, but ensures safe
operation of components behind the Faraday isolator at maximum output energy. Energy up to
4.9 J was demonstrated from a single amplifier channel, and a sum energy of >8 J is expected
from both counter-propagating channels.
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b)

a)

Figure 4.21: a) Images of uncompensated depolarized light transmitted through a polarizer after
four 19 mm diameter flashlamp pumped amplifiers operating at 2.5 Hz. b) Image of residual
depolarized light transmitted through a polarizer after compensation with a quartz rotator
between amplifiers.
4.5.3

Joule-level DPA Combination

The final amplifier output is relay-imaged in two channels to the middle of the pulse
combiner by a telescope with focal lengths of 700 mm and 1500 mm. Three pulse combiner
stages have been constructed after the final amplifier in order to combine the eight pulse replicas
(in two channels) to a single coherent picosecond pulse. Custom thin film polarizers, half-wave
plates, and mounts provide a 60 mm clear aperture for a 40 mm diameter flat-top beam, capable
of handling up to ~7 J with 100 ps pulse duration. The use of high-transmission thin film
polarizers from Paradigm Research Optics allows a system efficiency of >97% for each
combiner stage.
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Figure 4.22: Three-stage (8 to 1) pulse combiner with relay-imaging and 60 mm aperture optics.
8 Pulse
Splitter +
Amplifier

700mm:1500mm

HWP

Combined
Output

Uncombined
Output
HWP

2→1 Pulse

4→2 Pulses

8→4 Pulses

Figure 4.23: Detailed drawing of the beam path from the final amplifier stage through the final
pulse combiners.
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The final high energy combination is part of on-going work and will not be presented
here, however the final combined energy is expected to exceed the original goal of 5 J based on
experimental data and simulation. Limpert et al. showed a trend in the system efficiency where
the efficiency with increasing number of channels or pulses approaches the figure of merit
(FOM) asymptotically (Figure 4.24).

𝐹𝑂𝑀 =

𝐸𝑐𝑜𝑚𝑏 −𝐸𝑙𝑜𝑠𝑠

( 4.1 )

𝐸𝑐𝑜𝑚𝑏 +𝐸𝑙𝑜𝑠𝑠

A FOM of ~70% was measured in the experiments described in Section 4.4, and the efficiencies
for two and four pulses were added to the plot from Limpert et al. [305]. These two data points
closely match the curve that is fit for ~70% FOM, revealing an estimated system efficiency of ~
74% in the case of combining eight pulses, marked with a “star” in Figure 4.24. With a sum
energy of ~8 J from the uncombined replica pulses in two channels for the DPA system
described in this section, a system efficiency of ~63% is needed in order to reach the goal
combined energy of 5 J. This goal seems readily achievable when considering the 74% system
efficiency estimated from fitting previously measured data to the plot in Figure 4.24. These
estimated results are expected to be verified soon in on-going work, as well as the conversion to
SHG and THG that is needed for pumping the PhaSTHEUS high-energy OPCPA system (Figure
4.25).
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2
4
8

Figure 4.24: Plot of the simulated system efficiency versus increasing channels or number of
replicas for several values of the figure of merit (FOM) [305]. Added to this plot are measured
values (ovals), a predicted value (star), and a fitting of the FOM (red line) for the high energy
DPA experiments described in this dissertation (Section 4.4).
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Figure 4.25: A detailed diagram of the PhaSTHEUS high-energy OPCPA system. The dotted box
outlines the scope of my work in the design and construction of the pump system. The blue
shaded box highlights the on-going work on the pump system not presented in this dissertation.
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Figure 4.26: Picture of the final system on an enclosed optical table. The oscillator is shown at
the near end of the table with the DPA amplifier chain and pulse combiners extending to the far
end of the table.

5

CONCLUSION

The essential laser principles needed for understanding the methods of CPA, OPCPA,
and DPA have been described in some detail. Modeling and design work leading to the
construction of a robust and compact 10 TW Ti:Sapphire CPA facility has been outlined. The
advantages of incorporating DPA into a high-energy, picosecond, flashlamp-pumped Nd:YAG
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laser system have been examined and demonstrated for the first time in a series of DPA
experiments at record combined energy. Indirect phase locking was applied to DPA for the first
time to extend the technique of DPA to low-repetition-rate lasers. The results of these
experiments along with input from a DPA simulation determined the final design of a multiJoule DPA system. This OPCPA pump system, based on DPA, has been fully constructed and
multi-Joule combined energy will be demonstrated shortly. On-going work will continue with
SHG and THG from the pump system output in preparation for pumping OPCPA. By attaining a
pump performance of 5 Joules and 100 ps at 2.5 Hz, a record OPCPA output of 50 TW for quasisingle-cycle 5 fs pulses is achievable from a table-top system.
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